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DISCLAIMER

This document is an external review draft for review purposes only and does not constitute
U.S. Environmental Protection Agency policy. Mention of trade names or commercial products

does not constitute endorsement or recommendation for use.

PREFACE

National Ambient Air Quélity Standards (NAAQS) are promulgated by the United States
Environmental Protection Agency (EPA) to meet requirements set forth in Sections 108 and 109
of the U.S. Clean Air Act (CAA). Sections 108 and 109 require the EPA Administrator (1) to
list widespread air pollutants that reasonably may be expected to endanger public health or
welfare; (2) to issue air quality criteria for them that assess the latest available scientific
information on nature and effects of ambient exposure to them; (3) to set “primary” NAAQS to
protect human health with adequate margin of safety and to set “secondary” NAAQS to protect
agamst welfare effects (e.g., effects on vegetation, ecosystems, visibility, climate, manmade
materials, etc.); and (5) to periodically (every 5 years) review and revise, as appropriate, the
criteria and NAAQS for a given listed pollutant or class of pollutants.

The original NAAQS for particulate matter (PM), issued in 1971 as “total suspended

particulate” (TSP) standards, were revised in 1987 to focus on protecting against human health

effects associated with exposure to ambient PM less than 10 microns (<10 pm) that are capable
of being deposited in thoracic (tracheobronchial and alveolar) portions of the lower respiratory
tract. Later periodic reevaluation of newly available scientific information, as presented in the
Jast previous version of this “Air Quality Criteria for Particulate Matter” document published in
1996, provided key scientific bases for PM NAAQS decisions published in July 1997. More
specifically, the PM;, NAAQS set in 1987 (150 pg/m’, 24-h; 50 ug/m’, annual average) were
retained in modified form and new standards (65 pg/m’, 24-h; 15 pg/m’, annual average) for
particles < 2.5 pm (PM, ;) were promulgated in July 1997.

This Fourth External Review Draft of revised Air Quality Criteria for Particulate Matter

assesses new scientific information that has become available mainly between early 1996

June 2003 i DRAFT-DO NOT QUOTE OR CITE




=T R - T T S VS T N S

NNNNNNNNNN&-—»—»—A;—-H-—)—-HHH
\DQO\JO\M-B-UJNHO\DOO‘-JC\UI#WN'—'O

through April 2002. The present draft is being released for public comment and review by the
Clean Air Scientific Advisory Committee (CASAC) to obtai.n comments on the organization and
structure of the document, the issues addressed, the approaches employed in assessing and
interpreting the newly available information on PM exposures and effects, and the key findings
and conclusions arrived at as a consequence of this assessment. Public comments and CASAC
review recommendations will be taken into account in making any appropriate further revisions
to this document for incorporation into a final draft. Evaluations contained in the present
document will be drawn on to provide inputs to associated PM Staff Paper analyses prepared by
EPA’s Office of Air Quality Planning and Standards (OAQPS) to pose alternatives for
consideration by the EPA Administrator with regard to prop.osal and, ultimately, promulgation of
decisions on potential retention or revision of the current PM NAAQS.

Preparation of this document was coordinated by staff of EPA’s National Center for
Environmental Assessment in Research Triangle Park (N CEA-RTP). NCEA-RTP scientific
staff, together with experts from other EPA/ORD laboratories and aéademia, contributed to
writing of document chapters; and earlier drafts of this document were reviewed by experts from
federal and state government agencies, academia, industry, and non-governmental organizations
(NGOs) for use by EPA in support of decision making on potential public health and
environmental risks of ambient PM. The document describes the nature, sources, distribution,
measurement, and concentrations of PM in outdoor (ambient) and indoor environments. It also
evaluates the latest data on human exposures to ambient PM and consequent health effects in
exposed human populations (to support decision making regarding primary, health-related PM
NAAQS). VThe'document also evaluates ambient PM environmental effects on vegetation and
ecosystems, visibﬂity, and man-made materials, as well as atmospheric PM effects on climate
change processes associated with alterations in atmospheric transmission of solar radiation or its
reflectance from the Earth’s surface or atmosphere (to support decision making on secondary
PM NAAQS). '

The NCEA of EPA acknowledges the contributions provided by authors, contributors, and

reviewers and the diligence of its staff and contractors in the preparation of this document.
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EXECUTIVE SUMMARY

E.1 INTRODUCTION

The purpose of this document, Air Quality Criteria for Particulate Matter (PM AQCD),
is to present air quality criteria for particulate matter (PM) in accordance with Clean Air Act
(CAA) Sections 108 and 109, which govern establishment, review, and revision of U.S. National
Ambient Air Quality Standards (NAAQS) as follows:

* Section 108 directs the U.S. Environmental Protection Agency (EPA) Administrator to list
pollutants that may reasonably be anticipated to endanger public heaith or welfare and to
issue air quality criteria for them. The air quality criteria are to reflect the latest scientific
information useful in indicating the kind and extent of all identifiable effects on public

health and welfare expected from the presence of the pollutant in ambient air.

» Section 109 directs the EPA Administrator to set and periodically revise, as appropriate,
(a) primary NAAQS, which in the judgement of the Administrator, are requisite to protect
public health, with an adequate margin of safety, and (b) secondary NAAQS which, in the
Judgement of the Administrator, are requisite to protect the public welfare from any known
or anticipated adverse effects (e.g., impacts on vegetation, crops, ecosystems, visibility, |

climate, man-made materials, etc.).

* Section 109 of the CAA also requires periodic review and, if appropriate, revision of
existing criteria and standards. Also, an independent committee of non-EPA experts, the
Clean Air Scientific Advisory Committee (CASACQ), is to provide the EPA Administrator
advice and recommendations regarding the scientific soundness and appropriateness of
criteria and NAAQS.

To meet these CAA 'mandates, this document assesses the latest scientific information
useful in deriving criteria as scientific bases for decisions on possible revision of current
PM NAAQS. A separate EPA PM Staff Paper will draw upon assessments in this document,
together with technical analyses and other information, to identify alternatives for consideration

by the EPA Administrator with regard to possible retention or revision of the PM NAAQS.
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The present document is organized into a set of 10 chapters, as follows:
This Executive Summary summarizes key points from the ensuing chaptes.

Chapter 1 provides a general introduction, including information on legislative requirements

and history of the PM NAAQS and an overview of approaches used to prepare this document.

Chapters 2, 3 and 5 provide background information on PM atmospheric science, air quality,
and human exposure aspects to help place the succeeding discussions of PM health and

environmental effects into perspective.

Chapter 4 deals with environmental effects of PM on vegetation and ecosystems, visibility,

man-made materials, and climate.

Human health issues related to PM are addressed in Chapter 6 (Dosimetry); Chapter 7
(Toxicology); and Chapter § (Community Epidemioiogy).

+ Chapter 9 provides an integrative synthesis of key points from the preceding chapters.

E.2 AIR QUALITY AND EXPOSURE ASPECTS

The document’s discussion of air quality and exposure aspects considers chemistry and
physics of atmospheric PM; analytiéal techniques for measuring PM mass, size, and chemical
composition; sources of ambient PM in the United States; temporal/spatial variability and trends
in ambient U.S. PM levels; and ambient concentration-human exposure relationships. Overall,
the atmospheric science and air quality information provides further evidence substantiating the
1996 PM AQCD conclusion that distinctions between fine and coarse mode particles (in terms of
emission sources, formation mechanisms, atmospheric transformation, transport distances, air
quality patterns, and exposure relationships) warrant fine and coarse PM being viewed as

separate subclasses of ambient PM. Key findings are summarized in the next several sections.
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E.2.1 Chemistry and Physics of Atmospheric Particles

* Airborne PM is not a single pollutant, but rather is a mixture of many subclasses of
pollutants with each subclass containing many different chemical species. Particles
suspended in the atmosphere originate from a variety of sources and possess a range of
morphological, chemical, physical, and thermodynamic properties. A complete descfiption
of atmospheric particles would include an accounting of the chemical composition,
morphology, and size of each particle, and the relative abundance of each particle type as a
function of particle size. Recent developments in single particle analysis techniques are

bringing such a description closer to reality.

- * Particle size distributions show that atmospheric particles exist in two classes: fine particles
and coarse particles. Fine and coarse particles are defined primarily in terms of their
formation mechanisms and size; they also differ in sources, chemical composition, and
removal processes (see Table 2-1). Subsequent chapters show that fine and coarse particles
also differ in aspects of concentration, exposure, dosimetry, toxicology, and epidemiology.

These differences support the setting of separate standards for fine and coarse particles.

* Fine and coarse particles overlap in the size range between 1 and 3 pm aerodynamic
diameter where ambient PM concentrations are at a minimum. Coarse particles are generally
larger than this minimum and are generally formed by mechanical processes. Energy
considerations limit the break-up of large mineral particles and small particle aggregates
generally to a minimum size of about 1 pm in diameter. Coarse particles and coarse-mode

particles are equivalent terms.

_ ¢ Fine PM is derived primarily from combustion material that has volatilized and then
condensed to form primary PM or from precursor gases reacting in the atmosphere to form
secondary PM. New fine particles are formed by the nucleation of gas phase species; they
grow by coagulation (existing particles combining) or condensation (gases condensing on
existing particles). Fine particles are subdivided into accumulation, Aitkin, and nucleation

- modes. In earlier texts, nuclei mode referred to the size range now split into the Aitkin and
nucleation modes (see Figures 2-4 and 2-5). Particles in the size range below 0.1 pum

diameter are called ultrafine or nanoparticles and include the Aitkin and nucleation modes.
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1 « PM,, is an indicator for fine particles. PM,q,; is an indicator for thoracic coarse particles
(coarse particles capable of reaching the thoracic portion of the respiratory system — trachea,
bronchi, and alveolar regions). PM, ; has been selected as the indicator for fine particies to
include all accumulation-mode particles during high relative humidity, while recognition that
it also includes some coarse-mode particles between 1 and 2.5 pm. PM, 5 specifies a sample
collected through a size-selective inlet with a specified penetration curve at 50% cut point at

2.5 pm acrodynamic diameter.

2 « Aecrosol scientists use three different approaches or conventions in the classification of
particles by size: (1) modes, based on the observed size distributions and formation
mechanisms; (2) cut point, usually based on the 50% cut point of the specific sampling
device, including legally specified, regulatory sizes for air quality standards; and
(3) dosimetry or occupational health sizes, based on the entrance into various compartments

of the respiratory system.

3

4 E.2.2 Sources of Airborne Particles in the United States

5 + Because of the complexity of the composition of ambient PM, 5 and PM,q., 5, sources are best
discussed in terms of individual constituents of both primary and secondary PM, s and
PM,,,,s. Each of these constituents can have anthropogenic and natural sources as shown in
Table 3-8. Major components of fine particles are sulfates, strong acid, ammonium nitrate,
organic compounds, trace elements (including metals), elemental carbon, and water.

6 « Primary particles are emitted directly from sources. Secondary particles are formed from

atmospheric reactions of sulfur dioxide (SO,), nitrogen oxides (NO,), and certain organic
compounds. NO reacts with ozone (O;) to form NO,. SO, and NO, react with hydroxy
radical (OH) during the daytime to form sulfuric and nitric acid. During the nighttime, NO,
reacts with ozone and forms nitric acid through a sequence of reactions involving the nitrate
radical (NO,). These acids may react further with ammonia to form ammonium sulfates and
nitrates. Some types of higher molecular weight organic compounds react with OH radicals,

and olefinic compounds also react with ozone to form oxygenated organic compounds,
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which nucleate or can condense onto existing particles. SO, also dissolves in cloud and fog
droplets, where it may react with dissolved O,, H,0,, or, if catalyzed by certain metals, with

0,, yielding sulfuric acid or sulfates, that lead to PM when the droplet evaporates.

Organic compounds constitute from 10 to 70% of dry PM, ; mass. Whereas the chemistry of
particulate nitrate and sulfate formation has been relatively well studied, fhe chemistry of
secondary organic particulate matter formation is especially complex. Although additional
sources of secondary organic PM might still be identified, there appears to be a general
consensus that biogenic compounds (monoterpenes, sesquiterpenes) and aromatic
compounds (e.g., toluene and ethylb_enzené) are the most significant precursors,
Atmospheric transformations of the cdmpounds; which are formed in the particle phase

during the aging of particles, are still not adequately understood.

The results of receptor modeling studies throughout the United States indicate that the
combustion of fossil and biomass fuels is the major source of measured ambient PM, .
Fugitive dust, found mainly in the PM,, ; range size, represents the largest source of
measured ambient PM,, in many locations in the western United States. The application of
any of the source apportionment techniques is still limited by the availability of source
profile data. Whereas the Chemical Mass Balance approach relies directly on source profile
data, solutions from the Positive Matrix Factorization technique yield profiles for the factors

that contribute to PM.

The use of organic compounds in source apportionment studies could potentially result in the
attribution of PM to many more source categories than is possible using only trace elements.
However, in the relatively few studies of the composition of the organic fraction of ambient
particles that have been performed, typically only about 10 to 20 % of organic compounds
have been quantified. The separation of contributions from diesel- and gasoline-fueled
vehicles using organic marker compounds is still somewhat problematic. Additional efforts

to develop protocols for extraction and analysis of organic markers are needed.
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E.2.3 Atmospheric Transport and Fate of Airborne Particles

« Primary and secondary fine particles have long lifetimes in the atmosphere (days to weeks)
and travel long distances (hundreds to thousands of kilometers). They tend to be uniformly
distributed over urban areas and larger regions, especially in the eastern United States. Asa

result, they are not easily traced back to their individual sources.

Coarse particles normally have shorter lifetimes (minutes to hours) and generally only travel
short distances (<10's of km). Therefore, coarse particles tend to be unevenly distributed
across urban areas and tend to have more localized effects than fine particles. However, dust

storms occasionally cause long range transport of small coarse-mode particles.

E.2.4 | Airborne Particle Measurement Methods

« Measurements of ambient PM mass and chemical composition are needed to determine
attainment of standards; to guide progress towards attainment of a standard (including
determination of source categories and validation of air quality models); and to determine
health, ecological, and radiative effects. A comprehensive approach requires a combination
of analytical techniques to assess (1) mass, (2) crustal and trace elements, (3) water-soluble

ionic species including strong acidity, (4) elemental carbon, and (5) organic compounds.

There are no calibration standards for suspended particle mass; therefore, the accuracy of
particle mass measurements cannot be definitively determined. The precision of particle
mass measurements can be determined by comparing results from collocated samplers.
Intercomparisons, using different techniques and samplers of different designs, coupled with
mass balance studies (relating the sum of components to the measured mass), provide a

method for gaining confidence in the reliability of PM measurements.

Mass concentration measurements with a precision of 10% or better have been obtained with
collocated samplers of identical design. Field studies of EPA PM,, and PM, ; reference
methods and reviews of field data from collocated PM,, and PM, 5 samplers show high

precision (better than = 10%). The use of more careful techniques, including double
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weighing of filters, can provide higher precision and may be needed for precise

determination of PM,,, ; by difference.

10 * Analytical techniques exist for measurement of the mass and chemical composition of PM
retained on a filter (nonvolatile mass) in terms of elements (except carbon) and certain key
ions (sulfate, nitrate, hydrogen, and ammonium). Acceptable measurements can be made of
the total carbon retained on a filter. However, the split into organic carbon and elemental
carbon depends on the operational details of the analytical methods and varies somewhat
among methods. Determination of the various organic compounds in the organic carbon

fraction remains a challenge.

11 * Important components of atmosphéric PM (particle-bound water, ammonium nitrate, and
many organic compounds) are termed semivolatile because significant amounts of both the
gaseous and condensed phases may exist in the atmosphere in equilibrium. Particle-bound
water is not considered a pollutant. Most of the particle-bound water is removed by heating
the particles or by equilibration of the collected particles at a low relative humidity (40%)
for 24 hours. However, these processes also cause the loss of other semivolatile
components. Semivolatile components also evaporate from the filter during sampling due to
the pressure drop across the filter or due to a reduction in the atmospheric concentration

during the sampling time.

12 * Continuous methods must dry the PM to remove particle-bound water. If heating is used to
dry the particles, more of the semivolatile components may be removed than are lost in filter
sampling. Collection and retention of ammonium nitrate and semivolatile organic
compounds represents a major challenge in the effort to move to continuous measurement of
PM mass. The use of diffusion dryers, which dehumidify the air stream without heating,
represents a promising approach. Uncertainty in the efficiency of retention of ammonium
nitrate and organic compounds on filters also affects source category attribution and

epidemiologic studies.
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1 « Semivolatile organic compounds and semivolatile ammonium compounds (such as NH,NO;)
may be lost by volatilization during sampling. Such losses may be very important in
woodsmoke impacted areas for organic compounds or in agricultural and other arcas where
low sulfate and high ammonia lead to high NH,NO; concentrations. New techniques are
now in use for measurement of nitrates and new research techniques are being tested for
measurement of mass of semivolatile organic compounds in PM and of the total
(semivolatile plus non-volatile) PM mass. The Federal Reference Methods (FRM) for PM,,
and PM, , give precise (= 10%) measurements of “equilibrated mass.” However, the loss of
semivolatile PM (ammonium nitrate and organic compounds) and the possible retention of
some particle-bound water in current PM mass measurements contribute to uncertainty in the

measurement of the mass of PM as it exists suspended in the atmosphere.

2 » Techniques are available to separate fine particles from coarse particles and collect the fine
particles on a filter. No such technique exists for coarse particles. As yet, no consensus
exists on the best technique for collecting a coarse particle sample for determination of mass
and composition. Candidates include multistage impaction, virtual impaction, and
difference (subtracting PM, ; mass or composition from PM,, mass or composition).
Advances in the theory and practice of virtual impaction suggest that it should be possible to
design virtual impactors with much less than the 10% of fine PM collected in the coarse PM
sample, as is now the case for the dichotomous samplers used in air quality studies and with

penetration curves as sharp as those used in the current FRM for PM, 5.

4 E.2.5 Ambient PM Concentrations in the U.S.

5 « The recently deployed PM, ; FRM network has provided data for a large number of sites

across the United States. The data are stored in the Aerometric Information Retrieval
System (AIRS). Data have also been collected at remote sites as part of the IMPROVE and
NESCAUM networks. Annual mean U.S. PM, 5 concentrations from 1999 to 2000 range
from about 5 pg/m’ to about 30 pg/m’. In the eastern United States, the data from 1999 to
2001 indicate that highest quarterly mean concentrations and maximum concentrations most

often occur during the summer. In the western United States, highest quarterly mean values
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and maximum values occur mainly during the winter at a number of sites although there
were exceptions to these general patterns. PM, 5 and PM,, concentrations many urban areas
have generally declined over the past few decades. However, they appear to have leveled off

in the past few years.

The median PM, ; concentration across the United States during 1999, 2000, and 2001, the
first three years of operation of the PM, ; FRM network, was 13 pg/m®, with a 95% percentile
value of 18 pg/m®. The corresponding median PM,, ; concentration was 10 pg/m?, with a

95™ percentile value of 21 pg/m’.

Although PM, ; concentrations within a given Metropolitan Statistical Area (MSA) can be
highly correlated between sites, there can still be significant differences in their
concentrations. The degree of spatial uniformity in PM, ; concentrations and the strength of
site to site correlations in urban areas varies across the country. These factors should be
considered in using data obtained by the PM, ; FRM network to approximate commurﬁty-
scale human exposures, and caution should be exercised in extrapolating conclusions as to
spatial uniformity or correlations obtained in one urban area to another. Limited information
also suggests that the spatial variability in urban source contributions is likely to be larger

than for regional source contributions to PM, s and for PM, , itself.

Data for PM,,, 5 concentrations are not as abundant as they are for PM, ;. The difference
method used in their derivation is subject to the effects of uncertainties in measuring both
PM,; and PM, ;. As aresult, estimates of PM,,, s concentrations, at times, come out as
negative values, based on currently available data (e.g., in the EPA AIRS Database). In

most cities where significant data is available, PM,, 5 is spatially less uniform than PM, ..

Ambient PM contains both primary and secondary components. The results of ambient
monitoring studies and receptor modeling studies indicate that PM, ; is dominated by
secondary components in the eastern United States. General statements about the origin of
OC in ambient PM, 5 samples cannot yet be made and so the contribution of secondary
components throughout the rest of the United States is still highly uncertain, Primary

constituents represent a smaller but still important component of PM, ;. Crustal materials,
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which are primary constituents, constitute the largest measured fraction of PM,; 5
throughout the United States. Data for the concentration of bioaerosols in both the PM, 5 and

PM,,, 5 Size ranges are sparse.

+ Recent but limited information about policy-relevant background concentrations have not
provided sufficient evidence to warrant any changes in estimates of the annual average
background concentrations given in the 1996 PM AQCD. These are: 1 to 4 pg/m’ in the
West and 2 to 5 pg/m® in the East for PM, ;; and approximately 3 pg/m’ in both the East and
the West for PM,, , 5, with a range of 0 to 9 pg/m’ in the West and 0 to 7 pg/m? in the East.
Such concentrations are likely to be highly variable both spatially and temporally. Further
information regarding the frequency distribution of 24-hour concentrations based on
analyses of observations at relatively remote monitoring sites and on source apportionment

analyses has become available and can be used for selected sites.

E.2.6 Human Exposui'e to PM

» Personal exposure to PM mass or its constituents results when individuals come in contact
with particulate pollutant concentrations in locations or microenvironments that they
frequent during a specific period of time. Various PM exposure metrics can be defined
according to its source (i.e., ambient, nonambient) and the microenvironment where

¢Xposure occurs.

« Most people spend most of their time indoors where they are exposed to indoor-generated

PM and ambient PM that has infiltrated indoors.

» Indoor-generated and ambient PM differ in sources, sizes, chemical composition, and

toxicity.

« The ambient PM concentration and the indoor PM concentration can be measured by outdoor
and indoor monitors. The total personal exposure can be measured by a personal exposure

monitor carried by the person. However, the concentrations of indoor-generated PM and
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ambient PM that has infiltrated indoors and the related values of ambient and nonambient

PM exposures must be estimated.

The intercept of a regression of individual, daily values of total personal exposure on daily
PM concentrations, gives the average nonambient PM exposure; and the slope gives the

average attenuation factor (the ratio of ambient PM exposure to ambient PM concentration).

Similarly, the intercept of a regression of individual, daily values of indoor PM concentration
on daily ambient concentrations, gives the average concentration of indoor-generated PM;
- and the slope gives the average infiltration factor (concentrations of ambient PM that has

infiltrated indoors/ambient PM concentration).

The attenuation factor and the infiltration factor depend on the penetration coefficient, the
fraction of ambient PM that penetrates through the walls, doors, windows, etc.; the
depositioh or removal rate, a measure of how rapidly PM within the indoor
microenvironment is removed by deposition to surfaces or by filtration in a heating/cooling
system; and the air exchange rate, a measure of how rapidly indoor air is replaced by outdoor

air. The attenuation factor also depends on the fraction of time spent outdoors.

The air exchange rate is an important variable for determining the concentration of ambient
PM found indoors. It can be measured by release and measurement of an inert tracer gas
indoors. The air exchange rate increases with opening of windows or doors or operation of
window or attic fans. It also increases as the indoor/outdoor temperature difference
increases. For closed homes, i.e., no open windows or doors, the air exchange rate does not

appear to be a function of wind speed or direction.

The penetration coefficient and the deposition rate can be estimated from measurements of
outdoor and indoor concentrations under conditions when there are no indoor sources (night
time or unoccupied home). These parameters are functions of particle size. The penetration
coefficient is high and the deposition rate is low for accumulation mode particles (0.1 to

‘I.O um). The penetration coefficient is lower and the deposition rate is higher for ultrafine

particles (< 0.1 pm) and coarse mode particles (> 1.0 pm). The attenuation factor and the
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infiltration factor are higher for particles in the accumulation mode than for ultrafine or

coarse particles.

22 « The attenuation factor and the infiltration factor will vary as the air exchange rate does, and,
therefore, will vary with season and housing characteristics. These factors will increase with
increased opening of windows and doors. For closed homes, these factors will increase with
an increase of the indoor/outdoor temperature difference; but they do not appear to be

affected by wind speed or direction.

23+ The regression technique is useful for finding average values of the attenuation factor and the
nonambient exposure and possibly for estimating the distribution of individual, daily values

of the nonambient PM exposure.

24 « Individual, daily values of the ambient PM exposure, the nonambient PM exposure, and the
attenuation factor may be determined from individual, daily values of the total PM personal

exposure and daily ambient PM concentrations by several techniques:

25 - Mass balance technigue. Direct measurement of the air exchange rate, measurement of
the fraction of time spent outdoors by a diary of the subject’s activity pattern, and use of
the equilibrium mass balance equation for the attenuation factor with estimated values of

the penetration coefficient and the deposition rate.

26 — Sulfate ratio technique. Individual, daily values of the attenuation factor (for PM, ;) will
be given by individual, daily values of personal exposure to sulfate / the daily ambient
sulfate concentration provided there are no indoor sources of sulfate and sulfate and PM,

have similar particle size distributions.

27 — Recursive technique. Indoor-generated emissions, which tend to be episodic, can be

removed from a continuous record of indoor PM concentration, allowing separation of

indoor-generated PM and ambient PM that has infiltrated indoors.

28 « In pooled studies (different subjects measured on different days), individual, daily values of

total PM exposure are usually not well correlated with daily ambient PM concentrations.
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In longitudinal studies (each subject measured for multiple days), indi-vidual, daily values of
total PM personal exposure and daily ambient PM concentrations are highly correlated for

some, but not all subjects.

* Only one study has reported estimated individual, daily values of ambient and nonambient
PM exposure. Individual, daily values of total PM personal exposure and daily ambient PM
concentrations were poorly correlated. However, individual, daily values of ambient PM
exposure and daily ambient PM concentrations were highly correlated. Individual daily
values of ambient and nonambient PM exposure were not well correlated. Individual daily
values of nonambient PM exposure and daily ambient PM concentrations were also not well

correlated.

* As long as the nonambient PM exposure is not correlated with the ambient PM exposure, it
will not bias the estimated health effect of PM. However, the effect per jig/ambient PM
concentration will be biased low compared to the health effect per ug/ambient PM exposure
by the attenuation factor. This effect probably explains some of the heterogeneity in PM,,
effects observed in multicity epidemiology studies, as indicated by a correlation of PM
effects in different cities with air conditioning use in those cities (i.e., the higher the air

conditioning use, the lower the health effect estimate per pg/m* of ambient PM).

* Exposure relationships also provide some insight into the issue of confounding. While the
data base is small, concentrations of gaseous co-pollutants, NO,, O, and SO, (and probably
CO) are likely poorly correlated, and sometimes not significantly correlated, with personal
exposure to the respective co-pollutant. However, they are frequently si gnificantly
correlated with both the ambient PM concentration and the ambient PM exposure. Thus, ina
regression, where associations are found between gaseous co-pollutants and a health effect, it
may be because they are a surrogate for PM rather than a confounder. That is, the health
effect due to PM is transferred to the gaseous pollutant because of the positivé correlation

between the ambient concentration of the gas and the ambient PM exposure.
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E.3 DOSIMETRY OF PARTICULATE MATTER

Dosimetry establishes the relationship between PM exposure and the dose of inhaled PM
delivered to and retained at the target site. Deposition, clearance, translocation, and retention

comprise the essential elements of dosimetry.

Dosimetric information is critical to extrapolating effects found in controlled exposure
studies of laboratory animals to those observed in human exposure studies and for relating

effects in normal healthy persons to those in potentially susceptible persons.

Dosimetry separates the respiratory tract into three regions, extrathoracic (ET),
tracheobronchial (TB), and alveolar (A), based on anatomical features and particle deposition

and clearance phenomena that occur within each region.

Particles in the accumulation mode size range (0.1 to 1.0 pm D) have the lowest deposition

fraction in all three regions.

Coarse and ultrafine particles have higher fractional deposition. For coarse particles;
fractional deposition peaks between 5 and 10 pm D, for the TB region and 2.5 and 5 pm D,
for the A region.

For ultrafine particles, fractional deposition peaks between 0.0025 and 0.005 um D, for the
TB region and between 0.01 and 0.05 for the A region.

A significant fraction of ultrafine and coarse particles, but not particles in the accumulation-

mode size range, are deposited in the ET region.

Such transport could provide a mechanism whereby particles could affect cardiovascular

function as reported in the epidemiologic studies

Fractional deposition, as a function of particle size, depends on lung size, tidal volume, and
breathing rate. Exercising subjects receive higher doses of particles per cm? of lung surface

than subjects at rest.
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1 * Airway structure and physiological function vary with age. Such variations may alter the
deposition patterns for inhaled particles. Airflow distribution is very uneven in diseased
lungs, and deposition can be enhanced-locally iq areas of active ventilation. Total lung
deposition is generally increased by obstructed airways so that particle deposition can be
enhanced in people with chronic lung disease. Unfortunately, deposition studies in another

susceptible population, the elderly, are still lacking,

2 * Particles depositing on airway surfaces may be completely cleared from the respiratory tract
or transldcated to other sites within this system by regionally specific clearance mechanisms.
Clearance is either absorptive (dissolution) or nonabsorptive (transport of intact particles).
Deposited particles may be dissolved in body fluids, taken up by phagocytic cells, or
transported by the mucociliary system. Retained particles tend to be small (<2.5 ym) and
poorly soluble (e.g., silica, metals). Ultrafine particles can be rapidly cleared from the lungs

into the systemic circulation where they can be transported to exfrapulmonary regions.

3 » Tracheobronchial clearance has both a fast and a slow component. In the fast phase particles
deposited in the TB region clear out rapidly during the first several hours and continue to
clear out for 24 hours. A small remaining portion may clear out over several days (slow
phase). Translocation of poorly soluble PM to the lymph nodes takes a few days and is more
rapid for smaller (< 2 pm) particles; elimination rates of these retained particles are on the -
order of years. People with COPD have increased particle retention partly because of
increased initial deposition and impaired mucociliary clearance and use cough to augment

mucociliary clearance.

4 * Alveolar clearance takes months to years. Particles may be taken up by alveolar
macrophages within 24 hours, but some phagocytosed ‘macrophages translocate into the
interstitium or lymphatics whereas some remain on the alveolar surface. Penetration of
uningested particles into the interstitium increases with increasing particle load and results in

increased translocation to lymph nodes.

5 * Acute effects of PM are probably best related to deposited dose; whereas chronic effects may

be related to cumulative or retained dose. Retention of particles is a function of deposition
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site, clearance of particles by macrophages or the mucociliary system, and particle
characteristics, especially solubility. Chronic effects may also arise from recurring cycles of

pulmonary injury and repair.

Computational models allow calculation of fractional deposition and dose per cm’ of lung
surface as a function of particle size and respiratory parameters for humans and some animals
(including the laboratory rat). Such calculations can be used to predict the exposures needed
to produce comparable doses for animal to human extrapblation._ Computational models have
been improved in recent years but experimental validation of model predictions is still

required.

E4 TOXICOLOGY OF PARTICULATE MATTER IN HUMANS AND
LABORATORY ANIMALS

E.4.1 Health Effects of Specific PM Components

« There is relatively little new information on the effects of acid aerosols, and the conclusions
of the 1996 PM AQCD, i.e., Air Quality Criteria for Particulate Matter (U.S. Environmental
Protection Agency, 1996a), are unchanged. It was previously concluded that acid aerosols
cause little or no change in pulmonary function in healthy subjects, but asthmatics may
develop small changes in pulmonary function. Although pulmoriary effects of acid aerosols
have been the subject of extensive research in past decades, the cardiovascular effects of acid
aerosols have received l-ittle attention and should not be ruled out as possibie mediators of

PM health effects.

Health effects of particle-associated soluble metals have been demonstrated by in vivo and
in vitro studies using residual oil fly ash (ROFA) or soluble transition metals. Although
there are some uncertainties about differential effects of one transition metal versus another,
water soluble metals leached from ROFA or ambient filter extracts have been shown
consistently (albeit at high concentrations) to cause cell injury and inflammatory changes

in vitro and in vivo.
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* Even though it is clear that combustion particles that have a high content of soluble metals
can cause lung injury and even death in compromised animals and correlate well with.
epidemiologic findings in some cases (e.g., Utah Valley Studies), it has not been fully
established that the small quantities of metals associated with ambient PM are sufficient to
cause health effects. Moreover, it cannot be assumed that metals are the only or the primary
toxic component of ambient PM, rather than there possibly being many different toxic agents

contributing to ambient PM health effects.

* There is growing toxicological evidence that diesel exhaust particles exacerbate the allergic

response to inhaled antigens. The organic fraction of diesel exhaust has been linked to

eosinophil degranulation and induction of cytokine production, suggesting that the organic
constituents of diesel PM are the responsible part for the immune effects. It is not known
whether the adjuvant-like activity of diesel PM is unique or whether other combustion
particles have similar effects. It is important to compare the immune effects of other
source-specific emissions, as well as concentrated ambient PM, to diesel PM to determine
the extent to which exposure to diesel exhaust may contribute to the incidence and severity

of allergic rhinitis and asthma.

* Published research on the acute effects of particle-associated organic carbon constituents is

conspicuous by its relative absence, except for diesel exhaust particles. -

* Studies with ultrafine particles have demonstrated a significantly greater inflammatory
response than that seen with fine particles of the same chemical composition at similar mass
doses. In other more limited studies, ultrafines also have generated greater oxidative stress
in experimental animals. However, when the particle surface area is used as a dose metric,
the inflammatory response to both fine and ultrafine particles may be basically the same.
Thus, it may be the higher surface area of ultrafine particles is the important factors
contributing to health effects. '

» Concentrated ambient particle (CAPS) studies should be among the most relevant in helping
to understand the characteristics of PM producing toxicity, susceptibility of individuals to
PM, and the underlying mechanisms. Studies have used collected urban PM for intratracheal

administration to healthy and compromised animals. Despite the difficulties in extrapolating
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from the bolus delivery used in such studies, they have provided strong evidence that the

chemical composition of ambient particles can have a major influence on toxicity.

« Ambient particle concentrators, that concentrate particles in situ, provide particles for
inhalation studies. The concentration of particles without collection avoids the changes in
size and composition that occur during collection during collection and resuspension.
Studies with inhaled CAPs have observed cardiopulmonary changes in rodents and dogs at
high concentrations of PM between 0.15 and 2.5 pm diameter. A new generation of ambient
particle concentrators that allow separation and concentration of coarse-mode, accumulation-
mode, and ultrafine particle separately will permit the direct toxicological comparison of

these various ambient particle sizes.

» Recent studies support the conclusion of the 1996 PM AQCD, which stated that bioaerosols,
at concentrations present in the ambient environment, cannot account for the reported health
effects of ambient PM. However, it is possible that bioaerosols could contribute to the health

effects of PM.

E.4.2 Mechanisms of Action
E.4.2.1 Cardiovascular Effects

» Changes in heart rate, heart rate variability, and conductance associated with'ambient PM
exposure have been reported in animal studies, in several human panel studies, and in a
reanalysis of data from the MONICA study. Some of these studies included endpoints
related to respiratory effects but few significant adverse respiratory changes were detected.
This raises the possibility that ambient PM may have effects on the heart that are

independent of adverse changes in the lung.

« TInhaled particulate matter affects the heart by uptake of particles into the circulation

or release of a soluble substances into the circulation.

« Inhaled particulate matter affects autonomic control of the heart and cardiovascular system.
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1 E.4.2.2 Respiratory Effects

2 » Particularly compelling evidence pointing towards ambient PM causing lung injury and
inflammation derives from the study of ambient PM materials on filter extracts collected
from community air monitors before, during the temporary closing of a steel mill in Utah
Valley, and afier its reopening. Intratracheal instillation of filter extract materials in human
volunteers provoked greater lung inflammatory responses for materials obtained before and
after the temporary closing versus that collected during the plant closing. Further, the
instillation in rats of extract materials from before and after the plant closing resulted in a
50% increase in air way hyperresponsiveness to acetylcholine compared to 17 or 25%
increases with saline or extract materials for the period when the plant was closed,
respectively. Analysis of the extract materials revealed notably greater quantities of metals
for when the plant was opened suggesting that such metals (e.g., Cu, Zn, Fe, Pb, As, Mn, Ni)
may be important contributors to the pulmonary toxicity observed in the controlled exposure
studies, as well as to health effects shown epidemiologically to vary with PM exposures of

Utah Valley residents before, during, and after the steel mill closing.

3 « Still other toxicological studies point towards lung injury and inflammation being associated
with exposure of lung tissue to complex combustion-related PM materials, with metals again
being likely contributors. Rats with SO,-induced bronchitis and monocrotaline-treated rats
have been reported to have a greater inflammatory response to concentrated ambient PM
than normal rats. These studies suggest that exacerbation of respiratory disease by ambient

PM may be caused in part by lung injury and inflammation,

4 » Particulate air pollution causes increased susceptibility to respiratory infections. Exposure
of rats to ROFA and L. monocytogenes, a bacterial pathogen, led rats treated with saline or
L. monocytogenes in the absence of ROFA. Preexposure of rats to ROFA significantly
enhanced injury and delayed the pulmonary clearance of a subsequent challenge of L.
monocytogenes, when compared to saline-treated control rats. Acute exposure to ROFA
appeared to slow pulmonary clearance of L. monocytogenes and to alter AM function. Such

changes could lead to increased susceptibility to lung infection in exposed populations.
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« Particulate air pollution increases airway reactivity and exacerbates asthma. Diesel
particulate matter (DPM) has been shown to increase production of antigen-spebiﬁc IgE in
mice and humans. In vitro studies have suggested that the organic fraction of DPM is
involved in the increased IgE production. ROFA leachate also has been shown to enhance
antigen-specific airway reactivity in mice, indicating that soluble metals can also enhance an

allergic response.

E.4.2.3 Systemic Effects Secondary to Lung Injury

« Lung injury from inhaled PM causes impairment of oxygenation and increased work of

breathing that adversely affects the heart.
+ Lung inflammation and cytokine production cause adverse systemic hemodynamic effects.

« Lung inflammation from inhaled PM causes increased blood coagulability that increases the

risk of heart attacks and strokes.

« Interaction of PM with the lung affects hematopoiesis.

E.4.3 Susceptibility

« Older animals or animals with certain types of compromised health, either genetic or
induced, are more susceptible to instilled or inhaled particles, although the increased animal-
to-animal variability in these models has created greater uncertainty for the interpretation of
the findings. Moreover, because PM seems to affect broad categories of disease states,
ranging from cardiac arrhythmias to pulmonary infection, it can be difficult to know what
disease models to use in evaluating the biological plausibility of adverse health effects of
PM. Nevertheless, particularly interesting new findings point toward ambient PM

.~ exacerbation of allergic airway hyperresponsiveness and/or antigen-induced immune

responses. Both metals and diesel particles have been implicated, with an expanding array of

new studies showing DPM in particular as being effective in exacerbating allergic asthma

responses.
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E.5 EPIDEMIOLOGY OF HUMAN HEALTH EFFECTS ASSOCIATED
WITH AMBIENT PARTICULATE MATTER

Chapter 8 of this document assesses the extensive PM epidemiologic data base that has
become newly available since the 1996 PM AQCD. The most important types of additions to
the epidemiologic database beyond that assessed in the 1996 PM AQCD include the following:

 New multi-city studies on a variety of endpoints which provide more precise estimates of the

average PM effect sizes than most smaller-scale individual city studies;

More studies of various health endpoints using ambient PM,, and/or closely related mass
concentration indices (e.g., PM,; and PM,), which substantially lessen the need to rely on

non-gravimetric indices (e.g., BS or CoH});

New studies evaluating relationships of a variety of health endpoints to the ambient PM
coarse fraction (PM,q, 5), the ambient fine-particle fraction (PM, ), and even ambient
ultrafine particles measures (PM,, and smaller), using direct mass measurements and/or

estimated from site-specific calibrations;

A few new studies in which the relationship of some health endpoints to ambient particle

number concentrations were evaluated;

Many new studies which evaluated the sensitivity of estimated PM effects to the inclusion of

gaseous co-pollutants in the model; .

Preliminary attempts to evaluate the effects combinations or mixtures of air pollutants

including PM components, based on factor analysis or source profiles;

Numerous new studies of cardiovascular endpoints, with particular emphasis on assessment

of cardiovascular risk factors as well as symptoms;

Additional new studies on asthma and other respiratory conditions potentially exacerbated

by PM exposure;

New analyses of lung cancer associations with long-term exposures to ambient PM;
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« New studies of infants and children as a potentially susceptible population.

In addition, Chapter 8 discusses statistical issues posed by use of General Additive Mode
(GAM) analyses involving default convergence criteria in widely used commercially-available
software employed in time-series analyses of ambient PM-health effects relationship reported in

a few published studies assessed in the 1996 PM AQCD and in numerous more recent studies

[« NV T -V VS N

assessed in the present PM AQCD. This includes discussion of the following key points:

~J

« Use of GAM analyses with default convergence criteria (GAM default) has variable impacts
on PM effect size estimates from study to study, depending on many factors (numbers of
observations, numbers of potential effect modifiers or potential confounders included,
specific “smoothing” approaches used to control for their effects, numbers of degrees of
freedom used, etc.). The effect 6f GAM (default) use tends most often to be some
(unusually only slight) overestimation of the PM effect size compared to results obtained
with use of GAM with stringent convergence criteria or other appropriate modeling

approaches, e.g., general linear models (GLM).

8 « The results of EPA-encouraged reanalyses of a number of (> 35) of important PM time-
series analyses comparing PM effect sizes and standard error (confidence interval) estimates
from GAM (default) analyses versus GAM (stringent) or other appropriate statistical
approaches (GLM). These reanalyses appear in a Health Effects Institute Special Report
(HEI, 2003) that includes not only short communications on the GAM reanalyses by the
original investigators, but also commentaries on the reanalyses and their implications for
interpreting the PM time-series analyses results by a special peer-review panel convened by

HEI at EPA’s request.

10 E.5.2 Key Epidemiologic Findings

11 The epidemiologic studies discussed in Chapter 8 demonstrate biologically-plausible

12 responses in humans exposed at ambient concentrations. These observational study findings are
13 further enhanced by supportive findings of causal studies from other scientific disciplines

14 (dosimetry, toxicology, etc.), in which other factors could be experimentally controlled, as
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discussed in Chapters 6 and 7. The most salient findings derived from the PM epidemiologic

[\

studies include the following:

3 * A large and reasonably convincing body of epidemiology evidence confirms earlier
assoctations between short- and long-term ambient PM,, exposures (inferred from stationary
community air monitor measures) and mortality/morbidity effects and suggest that PM,,

(or one or more PM,, components) is a probable contributing cause of adverse human health

effects,

4 * There appears to be some spatial heterogeneity in city-specific excess risk estimates for the

refationships between short-term ambient PM,, concentrations and acute health effects. The
reasons for such variation in effects estimates are not well understood at this time but do not
negate ambient PM's likely causative contribution to observed PM-mortality and/or
morbidity associations in many locations. Possible factors contributing to the apparent
heterogeneity include geographic differences in air pollution mixtures, composition of PM
components, and personal and sociodemographic factors affecting PM exposure (such as use

of air conditioners, education, and so on).

5 » A growing body of epidemiologic studies confirm associations between short- and long-term
ambient PM, ; exposures (inferred from stationary air monitor measures) and adverse health
effects and suggest that PM, ; (or one or more PM, ; components) is a probable contributing
cause of observed PM-associated health effects. Some new epidemiologic findings also
suggest that health effects are associated with mass or number concentrations of ultrafine
(nuclei-mode}) particles, but not necessarily more so than for other ambient fine PM

components.

6 * A smaller body of evidence appears to support an association between short-term ambient
thoracic coarse fraction (PM,, 5) exposures (inferred from stationary air monitor measures)
and short-term health effects in epidemiologic studies. This suggests that PM,,, 5, or some
constituent component(s) of PM,,., s, may be a contributory cause of adverse health effects
in some locations. Reasons for differences among findings on coarse-particle health effects

reported for different cities are still poorly understood, but several of the locations where
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significant PM, , 5 effects have been observed (e.g., Phoenix, Mexico City, Santiago) tend to
be in drier climates and may have contributions to observed effects due to higher levels of
organic particles from biogenic processes (endotoxins, molds, etc.) during warm months.
Other studies suggest that particles of crustal origin are generally unlikely to exert notable
health effects under most ambient exposure conditions. Also, in some western U.S. cities
where PM,,, s is a large part of PM,,, the relationship between hospital admissions and PM,,

may be an indicator of response to coarse thoracic particles from wood burning.

Long-term PM exposure durations, on the order of months to years, as well as on the order
of a few days, are statistically associated with serious human health effects (indexéd by
mortality, hospital admissions/medical visits, etc.). More chronic PM exposures, on the
order of years or decades, appear to be associated with life shortening well beyond that
accounted for by the simple accumulation of the more acute effects of short-term PM
exposures (on the order of a few days). Substantial uncertainties remain regarding the
magnitude of and mechanisms underlying chronic health effects of long-term PM exposures

and the relationship between chronic exposure and acute responses to short-term exposure.

Recent investigations of the public health implications of such chronic PM exposure-

mortality effect estimates were also reviewed. Life table calculations by Brunekreef (1997)
found that relatively small differences in long-term exposure to airborne PM of ambient
origin can have substantial effects on life expectancy. For example, a calculation for the
1969-71 life table for U.S. white males indicated that a chronic exposure increase of

10 pg/m’® PM was associated with a reduction of 1.3 years for the entire population’s life
expectancy at age 25. Also, new evidence of associations of PM exposure with infant
mortality and/or intrauterine growth retardation and consequent increase risk for many
serious health conditions associated with low birth weight, if further substantiated, would

imply that life shortening in the entire population from long-term PM exposure could well

be significantly larger than that estimated by Brunekreef (1997).

Considerable coherence exists among effect size estimates for ambient PM health effects.

For example, results derived from several muiti-city studies, based on pooled analyses of
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data combined across multiple cities (thought to yield the most precise estimates of mean
effect size), show the percent excess total (non-accidental) deaths estimated per 50 pg/m?
increase in 24-h PM,, to be ~1.4% in the 90 largé_st U.S. cities with the estimate for the
Northeast being the largest (approximately twice the nationwide estimate); ~3.4% in
10 large U.S. cities; ~3.6% in the 8 largest Canadian cities; and ~3.0% in western European
cities. These combined estimates are consistent with the range of PM,, estimates previously
reported in the 1996 PM AQCD. These and excess risk estimates from many other

| individual-city studies, generally falling in the range of ca. 1.5 to 8.0% per 50 pg/m’® 24-h
PM,, increment, also comport well with numerous new studies confirming increased cause-
specific cardiovascular- and respiratory-related mortality. They are also coherent with larger
effect sizes reported for cardiovascular and respiratory hospital admissions and visits, as

would be expected for these morbidity endpoints versus those for PM4-related mortality.

Several independent panel studies (but not all) that evaluated temporal associations between
PM exposures and measures of heart beat rhythm in elderly subjects provide generally
consistent indications of decreased heart rate variability (HRV) being associated with
ambient PM exposure (decreased HRV being an indicator of increased risk for serious
cardiovascular outcomes, e.g., heart attacks). Other studies point toward changes in blood
characteristics (e.g., C-reactive protein levels) related to increased risk of ischemic heart
disease also being associated with ambient PM exposures. However, these heart rhythm and
blood characteristics findings should cutrently be viewed as providing only limited or

preliminary support for PM-related cardiovascular effects.

Notable new evidence now exists which substantiates positive associations between ambient
PM concentrations and increased respiratory-related hospital admissions, emergency
department, and other medical visits, particularly in relation to PM,, levels. Of much
interest are new findings tending to implicate not only fine particle components but also
coarse thoracic (e.g., PM,, ;) particles as likely contributing to exacerbation of asthma
conditions. Also of much interest are emerging new findings indicative of likely increased
occurrence of chronic bronchitis in association with (especially chronic) PM exposure. Also

of particular interest are reanalyses or extensions of earlier prospective cohort studies of
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long-term ambient PM exposure effects which demonstrate substantial evidence for
association of increased lung cancer risk with such PM exposures, especially exposure to

fine PM or its subcomponents.

One major methodological issue affecting epidemiologic studies of both short-term and
long-term PM exposure effects is that ambient PM of varying size ranges is typically found
in association with other air pollutants, including gaseous criteria pollutants (e.g, 0,, NO,,
SO,, CO), air toxics, and/or bioaerosols. Available statistical methods for assessing
potential confounding arising from these associations may not yet be fully adequate. The
inclusion of multiple pollutants often produces statistically unstable estimates. Omission of

other pollutants may incorrectly attribute their independent effects to PM. Second-stage

regression methods may have certain pitfalls that have not yet been fully evaluated. Much

progress in sorting out relative contributions of ambient PM components versus other
co-pollutants is nevertheless being made and, overall, tends to substantiate that observed PM
effects are at least partly due to ambient PM acting alone or in the presence of other
covarying gaseous pollutants. However, the statistical association of health effects with PM
acting alone or with other pollutants should not be taken as an indicator of a lack of effect of

the other pollutants.

It is possible that differences in observed health effects will be found to depend on site-
specific differences in chemical and physical composition characteristics of ambient
particles and on factors affecting exposure (such as air conditioning) as well as on
differences in PM mass concentration. For example, epidemiologic Utah Valley studies
showed that PM,, particles, known to be richer in metals during exposure periods while the
steel mill was operating, were more highly associated with adverse health effects than was
PM,, during the PM exposure reduction while the steel mill was closed. In contrast, PM,, or
PM, ; was relatively higher in crustal particles during windblown dust episodes in Spokane
and in three central Utah sites than at other times, but was not associated with higﬁer total
mortality. These differences require more research that may become more feasible as the

PM, , sampling network produces air quality data related to speciated samples.
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I * The above reasons suggest it is inadvisable to pool PM epidemiologic studies for different
locations or time periods, with different population sub-groups, or different heaith endpoints
(as is often done in “meta-analyses”), without careful assessment of potential causes and
consequences of these differences and appropriate caveating of results. Published multi-city
analyses using common data bases, measurement methods, analytical strategies, and
extensive independent external review (as carried out in the APHEA and NMMAPS studies)
are useful. Pooled analyses of more diverse collections of independent studies of different
cities, using varying methodology and/or data quality or representativeness, are likely less
credible and should not, in general, be used without careful assessment of their underlying

scientific comparability.

2 * It may be possible that different PM size components or particles with different composition
or sources produce effects by different mechanisms manifested at different lags or that
different preexisting conditions may lead to different delays between exposure and effect.
Thus, although maximum effect sizes for PM effects have often been reported for 0-1 day
lags, evidence is also beginning to suggest that more consideration should be given to lags of
several days. Also, if it is considered that all health effects occurring at different lag days
are all real effects, so that the risks for each lag day should be additive, then overall risks
may exist that are higher than implied by maximum estimates for any particular single or
two-day lags. In that case, multi-day averages or distributed lag models may provide more

accurate estimate of the total impact of PM on the population.

3 * Certain classes of ambient particles may be distinctly less toxic than others and may not
exert human health effects at typical ambient exposure concentrations or only under special
circumstances. Coarse thoracic particles of crustal origin, for example, may be relatively
non-toxic under most circumstances compared to those of combustion origin such as wood
burning. However, crustal particles may be sufficiently toxic to cause human health effects
under some conditions; resuspended crustal particles, for example, may carry toxic trace
elements and other components from previously deposited fine PM, e.g., metals from
smelters (Phoenix) or steel mills (Steubenville, Utah Valley), PAH’s from automobile

exhaust, or pesticides from administration to agricultural lands. Likewise, fine particles
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from different sources have different effect sizes. More research is needed to identify
conditions under which one or another class of particles may cause little or no adverse health
effects, as well as conditions under which different classes of particles may cause relatively

more notable effects.

4 « Certain epidemiologiﬁ evidence from “intervention studies” suggests that reducing ambient
PM,, concentrations may reduce a variety of health effects on a time scale from a few days
to a few months, as found in epidemiologic studies of “natural experiments™ such as in the
Utah Valley, and supported by toxicology studies using particles extracts from ambient
community sampling filters from the Utah Valley. Recent studies in Germany and in the
Czech Republic also tend to support a hypothesis that reductions in particle-related air

poliution are associated with reductions in the incidence of adverse health effects.

5 « Studies that combine the features of cross-sectional and cohort studies provide the best
evidence for chronic effects of PM exposure. Gauderman et al. (2000; 2002) have found

significant decreases in lung function growth related to PM,, levels using these techniques.

6 « Adverse health effects in children reported in a limited number of more recent studies are
emerging as an important area of more concern than was the case in the 1996 PM AQCD.
Unfortunately, relatively little is known about the relationship of PM to the most serious
health endpoints, neonatal and infant mortality, emergency hospital admissions and

mortality in older children, as well as low birth weight and preterm birth.

7 « Little is yet known about involvement of PM exposure in the progression from less serious
childhood conditions, such as asthma and respiratory symptoms, to more serious disease
endpoints later in life. This is an important health issue because childhood illness or death

may cost a very large number of productive life-years.

8 » Lastly, new epidemiologic studies of ambient PM associations with increased non-hospital
medical visits (physician visits) and asthma effects suggest likely much larger health effects
and costs to society due to ambient PM than just those indexed by mortality and/or hospital

admissions/visits.
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E.6 ENVIRONMENTAL EFFECTS OF PM
E.6.1 Vegetation and Ecosystem Effects

* Deposition of particulate matter from the atmosphere has the potential to alter ecosystem
structure and function. Human existence on this planet depends on the essential life-support
services that ecosystem structure and functions provide. Concern has risen in recent years
regarding the consequences of changing the biological diversity of ecosystems because
human activities are creating disturbances that are altering the structure (complexity and
stability) and functioning (producing changes in the processes of energy and water flow and

nutrient cycling) of ecosystems.

Human-induced changes in biotic diversity and alterations in the structure and ecosystems
processes are the two most dramatic ecological trends in the past century. Biodiversity
encompasses all levels of biological organization, including individuals, populations, species,

and ecosystems. For this reason, thete is a need to understand the effects of PM deposition

on vegetation and ecosystems and biodiversity.

Ecosystem functions maintain clean water, pure air, biodiversity, and impart the following
‘benefits: fixation of solar energy, absorption and breakdown of poltutants, cycling of
nutrients, binding of soil, degradation of organic wastes, maintenance of a balance of

atmospheric gases, regulation of radiation balance, and climate.

The deposition of PM onto vegetation and soil, depending on its chemical composition
(acid/base, trace metal, or nutrients, e.g., nitrates or sulfates), can produce direct or indirect

responses within an ecosystem,

Ecosystem response to pollutant deposition is a direct function of the level of sensitivity of.
the ecosystem and its ability to ameliorate resulting changes. Changes in ecosystem
structural patterns and the functioning of ecological processes miust be scaled in both time
aﬁd space and propagated to the more complex levels of community interaction to produce

observable ecosystem changes.
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« The major effect of atmospheric PM on ecosystems is indirect and occurs through the
deposition of nitrates and sulfates and the acidifying effects of the associated H' ion in wet
and dry deposition in the soil environment. In the soil, they have the potential to inhibit
nutrient uptake, alter the ecological processes of energy flow and nutrient cycling, change
ecosystem structure, and affect ecosystem biodiversity. Most nitrate is not deposited or

measured as PM but is a combination of wet and dry deposition.

The soil environment, one of the most dynamic sites of biological interaction, is inhabited by
communities of bacteria, fungi, and actinomycetes. Bacteria, as essential components of the
pitrogen and sulfur cycles, and fungi in the uptake of mineral nutrients play an important role

in plant nutrition. Their actions make these elements available for plant uptake. Fungi form

mycotrhizae, a mutualistic symbiotic relationship with plant roots that is integral to the

uptake of mineral nutrients. Changes in the soil environment resulting from deposition of
nitrates and sulfates that alter the role of the bacteria in the nutrient cycles and mycorrhizal
" fungi in making minerals available for plant utilization, determine plant and, ultimately,

ecosystem response.

'Although nitrogen as molecular nitrogen (N,) is the most abundant element in the
atmosphere, it only becomes available to support plant growth after its conversion into
reactive forms. In nature, nitrogen may be divided into two groups: reactive (Nr) and
nonreactive (N,). Reactive nitrogen or Nr includes the inorganic reduced forms of nitrogen
(e.g., ammonia [NH;] and ammonium [NH,']), inorganic oxidized forms (e.g., nitrogen
oxides [NO_], nitric acid [HNO;], nitrous oxide [N,0], and nitrate [NO,]), and organic

compounds {e.g., urea, amine, proteins, and nucleic acids).

Reactive nitrogen can be widely dispersed and accumulate in the environment when the rates
of its formation exceed the rates of removal via denitrification. As a result of human food
production, it is now accumulating in the environment on all spatial scales — local, regional
and global; and its creation and accumulation is projected to increase as per capita use of

resources by human populations increases.
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* The major changes in the nitrogen cycle can be both beneficial and detrimental to the health
and welfare of humans and ecosystems. The cascade of environmental effects resulting from
reactive nitrogen accumulation include the following: (1) production of tropospheric ozone
and aerosols that induce human health and ecosystem problems; (2) increases in the
productivity in forests and grasslands followed by decreases wherever Nr deposition
increases significantly and exceeds critical thresholds; (3) reactive nitrogen additions
probably decrease biodiversity in many natural habitats; (4) in association with sulfur is

| responsible for acidification and loss of biodiversity in lakes and streams in many regions of
the world; (5) eutrophication, hypoxia, loss of biodiversity, and habitat degradation in coastal
ecosystems. [Eutrophication is now considered the biggest pollution problem in coastal

~waters.], and (6) contributes to global climate change and stratospheric ozone depletion,

which can in turn affect ecosystems and human health.

“Nitrogen saturation” results when reactive nitrogen concentrations exceed the capacity of a
system to utilize it. Saturation implies that some resource other than nitrogen is limiting
biotic function. Water and phosphorus for plants and carbon for microorganisms are most
likely to be the secondary limiting factors. The appearzince of nitrogen in soil solution is an
early symptom of éxcess nitrogen. In the final stage, disruption of ecosystem structure

becomes visible.

Possible ecosystem responses to nitrogen saturation include (1) a permanent increase in foliar

nitrogen and reduced foliar phosphorus and lignin caused by the lower availability of carbon,
phosphorus, and water; (2) reduced productivity in conifer stands because of disruptions of
physiological function; (3) decreased root biomass and increased nitrification and nitrate
leaching; (4) reduced soil fertility, resulting from increased cation leaching and increased
nitrate and aluminum concentrations in streams, (5) decreased water quality, and (6) changes
in soil microbial communities from predominantly fungal (mycorrhizal) communities to

those dominated by bacteria during saturation.
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« Intensive research over nearly a decade indicates that, although the soils of most
North American forests are nitrogen limited, severe symptoms of nitrogen saturation have
been observed in the high-elevation, non-aggrading spruce-fir ecosystems in the Appalachian
Mountains; the eastern hardwood watersheds at the Fernow Experimental Forest near
Parsons, WV; forests in southern California; the southwestern Sierra Nevada in Central
California; and the Front Range in northem Colorado. The mixed conifer forest and
chaparral watershed with high smog exposure in the Los Angeles Air Basin exhibit the

highest stream water NO, concentrations in wilderness areas of North America.

Increases in soil nitrogen play a selective role in ecosystems. Plant succession patterns and
biodiversity are affected significantly by chronic nitrogen additions in some North American
ecosystems. Long-term nitrogen fertilization studies in both New England and Europe |
suggest that some forests receiving chronic inputs of nitrogen may decline in productivity
and experience greater mortality. Declining coniferous forest stands with slow nitrogen

cycling may be replaced by deciduous fast-growing forests that rapidly cycle nitrogen.

In experimental studies nitrogen deposition over a 12-year period Minnesota grasslands

dominated by native warm-season grasses shifted to low-diversity mixtures dominated by

cool-season grasses.

Excess nitrogen inputs to unmanaged heathlands in the Netherlands has resulted in
nitrophilous grass species replacing slower growing heath species. Over the past several
decades the composition of plants in the forest herb layers has been shifting toward species
commonly found in nitrogen-rich areas. It also was observed that the fruiting bodies of
mycorrhizal fungi had decreased in number, indicating that formation of mycorrhizae were

affected.

Soil nitrogen enrichment of the soil significantly alters the composition and richness of the
arbuscular mycorrhizal fungal community and markedly decreases overall diversity of the
mycorrhizal community. Decline in the coastal sage scrub in southern California was

directly linked to the decline of arbuscular mycorrhizal fungal community.
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* The effects of excessive deposition of nitrogen, particularly NH, and NH,*, have led to

changes in Dutch heathlands via: (1) acidification of the soil and the loss of cations of K*,
Ca®" and Mg *; and (2) nitrogen enrichment, which results in increased plant growth rates
and altered competitive relationships. Alteration of any of a number of parameters

(e.g., increased nitrogen) can alter ecosystem structure and function.

Notable effects of excess nitrogen deposition have been observed with regard to aquatic
systems. Atmospheric nitrogen deposition onto soils in watershed areas feeding into
estuarine sound complexes (e.g., the Pamlico Sound of North Carolina) appear to contribute
to excess nitrogen flows in runoff (especially during and after heavy rainfall events such as
hurricanes) from agricultural practices or other uses (e.g., fertilization of lawns or gardens).
Massive influxes of such nitrogen into watersheds and sounds can lead to algae blooms,
which, upon degradation, deplete oxygen and cause extensive fish kills and damage to

commercial fish and sea food harvesting.

Acidic precipitation, a critical environmental stress that affects forest landscapes and aquatic
ecosystems in North America, Europe, and Asia, is linked to the effects associated with the
deposition of Nr and sulfates and the associated hydrogen ion. The resulting soil acidity can
lead to nutrient deficiencies and to high aluminum-to-nutrient ratios that limit uptake of
calcium and magnesium and create a nutrient deficiency adversely affect tree growth.
Calcium is essential in the formation of wood and the maintenance of the primary plant

tissues necessary for tree growth.

The critical loads concept is useful-for estimating the amounts of pollutants (e.g., reactive
nitrogen and acidic precipitation) that sensitive ecosystems can absorb on a sustained basis
without experiencing measurable degradation. The estimation of ecosystem critical loads
requires an understanding of how an ecosystem will respond to different loading rates in the
long term and can be of special value for ecosystems receiving chronic deposition of Nr and

sulfur independently and as acidic deposition when in combination.
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+ The biological effect of PM is determined by the amount deposited during the wet and dry
deposition onto the plant surfaces or soil in the vicinity of the roots. The three major routes
involved are (1) precipitation scavenging in which particles are deposited in rain and snow;
(2) occult (fog, cloud water, and mist interception); and (3) dry deposition, a much slower,

yet more continuous removal to place surfaces.

Few heavy metals (e.g., copper, nickel, zinc) have been documented to have direct
phytoxicity under field conditions. Ecosystems immediately downwind of major emissions
sources such as pbwer generating, industrial, or urban complexes can receive locally heavy
inputs. Heavy metal accumulation in the richly organic forest floor where biological activity
is greatest by affecting litter decomposition present the greatest potential for influencing
nutrient cycling. The presence of cadmium, copper and nickel have been observed to affect

the symbiotic activity of fungi, bacteria, and actinomycetes.

Phytochelatins produced by plants as a response to sublethal concentrations of heavy metals,
are indicators of metal stress and can be used to indicate that heavy metals are involved in
forest decline. Increasing concentrations of phytochelatins with increasing altitude, and their
increases across regions that show increased levels of forest injury, have implicated them in

forest decline.

Secondary organics formed in the atmosphere have been variously subsumed under the
following terms: toxic substances, pesticides, hazardous air pollutants (HAPS), air toxics,
semivolatile organic compounds (SOCs), and persistent organic pollutants (POPS). Such
substances are controlled under CAA Sect.112, Hazardous Air Pollutants (not as criteria
pollutants controlled by NAAQS under CAA Sections 108 and 109). Their possible effects
on humans and ecosystems are discussed in many other government documents and
publications. They are noted in this document because, in the atmosphere, many of the
chemical compounds are partitioned between gas and particle phases and are deposited as
particulate matter. As particles, they become airborne and can be distributed over a wide
area and affect remote ecosystems. Some are also of concern to humans because they may

reach toxic levels in food chains of both animals and humans; whereas others may tend to

maintain or decrease some toxicity as they move through the food chain.
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E.6.2 Visibility

Chapter 4 of this document includes information supplementary to several other significant
reviews of the science of visibility, including the 1991 report of the National Acid Precipitation
Assessment Program, the National Research Council’s Protecting Visibility in National Parks
and Wilderness Areas (1993), and EPA’s 1995 Interim F indings on the Status of Visibility
Research. The following points are made in Chapter 4 and/or in the above referenced

documents.

» The relationships between air quality and visibility are well understood. Ambient fine
particles arc the major cause of visibility impairment. Significant scientific evidence exists

showing that reducing fine particle concentrations will improve visibility.

The National Research Council defines visibility qualitatively as “the degree to which the

atmosphere is transparent to visible light.” This definition may be expressed quantitatively in
terms of contrast transmittance. The EPA has defined visibility impairment as a reduction in
visual range (the farthest distance at which a large black object can be distinquished against

the horizontal sky is the visual range) and/or atmospheric discoloration.

Light, as it passes through the atmosphere from a scene to an observer, is both scattered and
absorbed. The rate of loss of transmitted light intensity with distance is measured by the
light-extinction coefficient, which may be expressed as the sum of the coefficients for:

(a) light scattering due to gases; (b) light scattering due to particles; (c) light absorption by
gases, and; (d) light absorption by particles. Light scattering by particles is the major
component of light extinction. Light absorption by gases is almost entirely due to NO,, and is
typically significant only near NO, sources. Light absorption by particles is primarily caused

by elemental carbon.

Light scattering efficiency depends on particle size, falling off rapidly for particles below

0.3 or above 1.0 pm in diameter. Therefore, particles in the accumulation mode (of the fine
particle mode) are most effective in scattcring 1ighi and are more important in visibility
degradation than either nuclei-mode or coarse-mode particles. Light absorption is not a
strong function of particle size. Under exceptional circumstances, such as dust storms, coarse

particles can dominate scattering.
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1 « In addition to reducing the intensity of light carrying information about a scene (transmitted
radiance), particles also scatter light into the observer’s view. This extraneous light, called
air light or path radiance, carries no information about the scene. The competition between

" these two sources of light, expressed as the ratio of transmitted radiance from the scene to

path radiance, determines the contrast transmittance and the visual quality of the view.

2 » Visibility at any location is affected by air quality and non-air quality related effects. The
visibility effects of atmospheric constituents are dependant upon not just the mass of
pollutants, but on the size distribution and refractive index of particles, which are strongly
influenced by relative humidity. Non-air quality effects include the angle between the sun
and the observer’s sight path, location of clouds, and reflectivity of the ground. These effects
are indepéndent of effects due to changes in atmospheric constituents. Lighting and scene
effects can be accounted for by defining a range of these effects when estimating visibility

changes due to air quality influences.

3 « The relationship between air pollution and the appearance of a scenic view is well

understood. Models exist that, given an adequate description of the air quality and non-air

quality variables, can produce a simulated photograph that accurately depicts a cloud-free

scene as it would appear to a human observer.

4 « There are several potential quantitative indicators of visibility, including: (a) fine particle
mass and componition (fine particle mass alone provides less of both types of information);
(b) scattering by dried ambient particles; (c) scattering by particles under ambient conditions;
(d) extinction (calculated from measurements of scattering plus absorption); (¢) light

extinction measured directly; and (f) contrast transmittance.

5 « A new index, the deciview (dv), is now being used as a quantitative measure of haziness. It is

related to the light extinction coefficient, b, by Haziness (dv) = 10 in(b,/10 Mn). The

deciview is more nearly linearly related to perceived changes in haze level than either visual
range or light extinction. A change of 1 or 2 dv in uniform haze under many viewing
conditions will be seen as a small but noticeable change in the appearance of a scene

regardless of the initial haze condition.
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+ Visibility in the United States is best in the western, intermountain region. Visibility
impairment or haziness is greatest in the eastern United States and southern California.
Haziness in the eastern United States is caused primarily by atmospheric sulfate. Haziness in
southern California is primarily caused by nitrate and organic PM. Nitrates contribute about
40% to the total light extinction in southern California. Nitrates account for 10 to 20% of the

total extinction in other areas of the United States.

* Organics are the second largest contributors to light extinction in most areas in the United
States. Organic carbon is the greatest caugc of light extinction in the Pacific Northwest,
Oregon, Idaho, and Montana, accounting for 40 to 45% of the total extinction. Organic
carbon contributes between 15 to 20% to the total extinction in most of the western United

States and 20 to 30% in the remaining areas of the United States.

* Light absorption by carbon is relatively insignificant but is highest in the Pacific Northwest
(up to 15%) and in the eastern United States (3%).

+ High dust concentrations transported from souther California and the subtropics have
contributed to regional haze in the Grand Canyon and other Class I areas in the southwestern

United States.

E.6.3 Particulate Matter-Related Effects on Materials

Atmospheric PM and SO, exert effects on materials that are related both to aesthetic appeal
and physical damage. Studies have demonstrated particles, primarily consisting of carbonaceous
compounds, cause soiling of commohly used building materials and culturally important items
such as statues and works of art. Physical damage from the dry deposition of SO,, particles, and
the absorption or adsorption of corrosive agents on deposited particles can also result in the

acceleration of the weathering of manmade building and naturally occurring cultural materials.

* The natural process of metal corrosion from exposure to environmental elements (wind,
moisture, sun, temperature fluctuations, etc.) is enhanced by exposure to anthropogenic

 pollutants, in particular SO,.
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1 « Dry deposition of SO, enhances the effects of environmental elements on calcereous stones
(limestone, marble, and carbonated cemented) by converting the calcium carbonate (calcite)
in the stone to calcium sulphate dihydrate (gypsum). The rate of deterioration is determined
by the SO, concentration, the stone’s permeability and moisture content, and the deposition

rate.

2 « Sulfur dioxide limits the life expectancy of paints by causing discoloration, loss of gloss, and

loss of thickness of the paint film layer.

3 « A significant detrimental effect of particulate pollution is the soiling of painted surfaces and
other building materials. Soiling is a degradation process requiring remediation by cleaning
or washing, and depending on the soiled surface, repainting. Soiling decreases the
reflectance of a material and reduces the transmission of light through transparent materials.

Soiling may reduce the life usefulness of the material soiled.

4
E.6.4 Effects of Atmospheric Particulate Matter on Global Warming

6 Processes and Transmission of Solar Ultraviolet Radiation

7 « The physical processes (i.e., scattering and absorption) responsible for airborne particle
effects on transmission of solar visible and ultraviolet radiation are the same as those
responsible for visibility degradation. Scattering of solar radiation back to space and
absorption of solar radiation determine the effects of an aerosol layer on solar radiation.

8 '« Atmospheric particles greatly complicate projections of future trends in global warming

processes because of emissions of greenhouse-gases; consequent increases in global mean

temperature; resulting changes in regional and local weather patterns; and mainly deleterious

(but some beneficial) location-specific human health and environmental effects. The body of
available evidence, ranging from satellite to in situ measurements of aerosol effectson
radiation receipts and cloud properties, is strongly indicative of an important role in climate
for aerosols. This role, however, is poorly quantified. No significant advances have been
made in reducing the uncertainties assigned to forcing estimates provided by the IPCC for

aerosol-related forcing, especially for black carbon-containing aerosol. The [PCC
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characterizes the scientific understanding of greenhouse gas-related forcing as “high” in

contrast to that for aerosol, which it describes as “low” to “very low.”

9 * Quantification of the effect of anthropogenic aerosol on hydrological cycles requires more
information than is presently available regarding ecosystems responses to reduced solar
radiation and other changes 6ccurring in the climate system. However, several global scale
studies indicate that aerosol cooling alone can slow down the hydrological cycle, while
cooling plus the nucleation of additional cloud droplets can dramatically reduce precipitation

rates.

10 + In addition to direct climate effects through the scattering and absorption of solar radiation,
particles also exert indirect effects on climate by serving as cloud condensation nuclei, thus
affecting the abundance and vertical distribution of clouds. The direct and indirect effects of
particles appear to have significantly offset global warming effects caused by the buildup of
greenhouse gases on a globally-averaged basis. However, because the lifetime of particles is
much shorter than that required for complete mixing within the Northern Hemisphere, the
climate effects of particles generally are felt much less homogeneously than are the effects of

long-lived greenhouse gases.

11 * Any effort to model the impacts of local alterations in particle concentrations on projected
global climate change or consequent local and regional weather patterns would be subject to

considerable uncertainty.

12 » Atmospheric particles also complicate estimation of potential future impacts on human health
and the environment projected as possible to occur because of increased transmission of solar
ultraviolet radiation (UV-B) through the Earth’s atmdsphere, secondary to stratospheric
ozone depletion due to anthropogenic emissions of chlorofluorcarbons (CFCs), halons, and
certain other gases. The transmission of solar UV-B radiation is affected strongly by
atinospheric particles. Measured attenuations of UV-B under hazy conditions range up to
37% of the incoming solar radiation. Measurements relating variations in PM mass directly

to UV-B transmission are lacking.
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1 "+ Particles also can affect the rates of photochemical reactions occurring in the atmosphere,
e.g., those involved in catalyzing tropospheric ozone formation. Depending on the amount of
absorbing substances in the particles, photolysis rates either can be increased or decreased.
Thus, atmospheric particle effects on UV-B radiation, which vary depending on size and
composition of particles, can differ substantially over different geographic areas and from
season to season over the same area. Any projection of effects of location-specific airborne
PM alterations on increased atmospheric transmission of solar UV radiation (and associated
potential human health or environmental effects) due to stratospheric ozone-depletion would,

therefore, also be subject to considerable uncertainty.

3 E.7 KEY CONCLUSIONS

4 « Epidemiologic studies show consistent positive associations of exposure to ambient PM with
health effects, including mortality and morbidity. The observed associations of ambient PM
exposure with health effects must take into account the effects of other environmental or
demographic factors, depending on whether the effects are acute or chronic. Effect-size
estimates for PM-attributable excess relative risk for a given health outcome vary somewhat
depending on specific analytic models used, but nevertheless have shown reasonable

quantitative consistency across different studies.

5 » Issues surrounding potential bias in PM risk estimates from time-series studies using
generalized additive models analyses and default convergence criteria were recently raised.
Reanalyses of some important studies were included in an HEI Special Report (2003) that
generally confirmed that PM effect estimates generally decline somewhat when using more
stringent convergence criteria, as compared to the default GAM analyses, with the new
estimates being well within confidence intervals of the original estimates. Overall, the
absolute effect was relatively small, and the basic direction of effect and conclusions
regarding the significance of the PM effect on mortality and hospital admissions remained
unchanged in these analyses when the GAM convergence requirement was made more

stringent. A modeling issue of particular importance highlighted by HEI (2003) is the
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sensitivity of all models to the degrees of freedom allotted to potentially confounding weather
variables and time. The HEI panel recommended further exploration of the sensitivity of
these studies to a wider range of alternative degrees of smoothing and to alternative

specifications of weather variables in time-series models.

6 * Individuals withrcardiovascular or pulmonary disease, especially if they are elderly, are more
likely to suffer severe health effects (mortality or hospitalization) related to PM exposure
than are healthy young adults. Children and asthmatics are also susceptible to certain PM
effects, e.g., increased respiratory symptoms and decreased lung function. Smokers also

constitute a population group at increased risk for ambient PM exposure effects.

7 * Daily ambient fine particle concentrations measured at a community air-mohitoring site are
useful surrogates for daily personal exposures to ambient fine particles. This is consistent,
for example, with observed high correlations of personal sulfate exposures with ambient
sulfate concentrations. The relationship between personal exposure to thoracic coarse
particles and the ambient concentration of thoracic coarse fraction particles is not as strong,

making effects due to coarse fraction particles harder to detect in epidemiologic studies.

8 * Development of a comprehensive biologically based exposure-dose-response model to aid
health risk assessment requires further dosimetry data characterizing differences among
spécics in percent deposition and regional deposition patterns including differences in
inhalability, airway geometry, and clearance rates. More information is also needed on
mechanism(s) of clearance, pathological processes affecting deposition and clearance of

particles, and factors influencing the response(s) of respiratory tract tissues to particle burden.

9 * The percent deposition and regional patterns of deposition depend strongly on particle size.
Percent deposition is higher in smaller lungs (children; women), during exercise, and in the
functioning parts of the lungs in people with compromised lungs (e.g., those with chronic

obstructive lung disease).

10 » Estimation of public health impacts of ambient airborne particle exposures in the United

States would most credibly combine information on exposure-response relationships derived
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for particular U.S. urban areas, in combination with estimates of exposures to ambient
particle concentrations for the general population and/or specific susceptible subgroups (e.g.,
the elderly) those particular areas. At this time, risk assessment is necessarily limited to use
of available information from concentration-response relationships relating ambient
concentrations to health effects in populations. In view of geographic differences in ambient
PM mixtures and demographics, broad generalization of some single “best estimate” of
relative risk for a given increment in concentration of a given particle indicator (e.g., PM,,,

PM,;, etc.) would be subject to much uncertainty.

11 « Toxicological studies of PM using controlled inhalation exposure of humans and laboratory
animals, intratracheal instillation in humans and animals, and exposure of human and animal
cells grown in culture find numerous biological effects which may be related to adverse
health effects. Newer studies are finding different biological effects for a variety of different
particle components. Newer studies also are beginning to identify biological mechanisms
whereby PM deposited in the lung can produce adverse effects on the cardiovascular and

respiratory systems.

12 » Epidemiologic studies indicate increased health risks associated with exposure to PM, alone
or in combination with other air pollutants. PM-related increases in individual health risks
are small, but likely significant from an overall public health perspective because of the large

numbers of individuals in susceptible risk groups that are exposed to ambient PM.

13 « Numerous new studies, including multicity studies, continue to show a consistent association
of PM,, exposure with mortality and various morbidity endpoints, thus substantiating the
relationship of PM exposure with various health effects. However, some new studies using

PM, , as an indicator find higher statistical significance and higher excess risk for PM, 5

compared to PM,,. Several studies have also observed statistically associations of PMj., 5

with health effects.

14 « Epidemiologic studies, in which factors identified with source categories or individual

chemical components of PM have been used as indicators, also show significant associations
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with nitrates, sulfates, various indicators of elemental carbon, the organic component of PM,
and some elements. PM-related source category factors, such as regional sulfate, vehicular
traffic, fossil fuel combustion, vegetative combustion, and oil burning have also been found

to be significantly associated with mortality.

15 Data from multicity studies, comparisons of effects found in single and multiple regressions,
exposure relationships, and toxicity suggest that the gaseous co-pollutants (CO, NO,, S0,,0,)
are not responsible for the relationships observed with PM indicators in community, time-
series epidemiology. This does not, however, necessarily imply lack of an independent

association of gaseous co-pollutants with health effects.

16 * Fine and thoracic coarse PM, indexed respectively by PM, ;-and PM,,, 5, should be
considered as separate subclasses of PM. Considerations of emissions sources, atmospheric
chemistfy, physical behavior, exposure relationships, respiratory deposition, toxicologic
findings, and epidemiologic observations argue for monitoring fine and thoracic coarse

particles separately.

17 * Assessment of health risk in epidemiologic studies of ambient air pollutants, including PM,
has relied largely on studies that focus on changes in health risks that occur in relationl to
normal changes in ambient air pollutant concentrations. Further evidence of the effects of air
pollution on health may be deduced from intervention studies, i.e, studies of changes in
health effects that occur when air pollution concentrations have been temporarily or
permanently reduced through regulatory action, industrial shutdown, or other intervening
factor(s). Only a few epidemiologic intervention studies are available; however, taken
together, these studies lend confidence that further reduction of ambient air pollution
exposures in the U.S. would reduce both fespiratory and cardiovascular health effects.
Available studies also give reason to expect that further reductions in both particulate and
gaseous air pollutants would benefit health. Furthermore, experimental studies of Utah
Valley filter extracts points to PM-associated metals as a likely cause or promoter of at least

some of the health disorders associated with ambient PM.
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« The overall weight of evidence, based on information concerning PM exposure, dosimetry,

toxicology, and epidemiology, supports the conclusion that PM, especially fine PM, is the

primary contributor to a variety of adverse health effects associated with air pollution.

However, difficult technical issues still remain in further separating the effects of fine and
coarse particles and in delineating respective contributions of PM acting along or in
combination with gaseous co-pollutants in increasing risks of health effects anticipated to
oceur in response to exposures to contemporary particle-containing ambient air mixes in the

United States.
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1. INTRODUCTION

This document is an update of “Air Quality Criteria for Particulate Matter” published by
the U.S. Environmental Protection Agency (EPA) in 1996, and it will serve as the basis for
Congressionally-mandated periodic review of the National Ambient Air Quality Standards
(NAAQS) for particulate matter (PM). The present document critically assesses the latest
scientific information relative to determining the health and welfare effects associated with the
presence of various concentrations of PM in ambient air. The document builds upon the
assessment in the previous 1996 EPA Air Quality Criteria Document for Particulate Matter (PM
AQCD) by focusing on assessment and integration of information most relevant to PM NAAQS
criteria development, based on pertinent peer-reviewed literature published or accepted for
publication mainly through April 2002. This introductory chapter presents a brief summary of
leglslatlve requirements and history of the PM NAAQS, provides an overview of issues
addressed and procedures utilized in the preparation of the present document, and provides

orientation to the general organizational structure of the document.

1.1 LEGISLATIVE REQUIREMENTS

As indicated in U.S. Code (1991), the U.S. Clean Air Act (CAA), Sections 108 and 109
(42 U.S.C. Sections 7408 and 7409) govern the establishment, review, and revision of National
Ambient Air Quality Standards (NAAQS). Section 108(a) directs the EPA Administrator to list
pollutants, which, in the Administrator’s Jjudgement, cause or contribute to air pollution which
may reasonably be anticipated to endanger either public health or welfare and to issue air quality
criteria for them. The air quality criteria are to reflect the latest scientific information useful in
indicating the kind and extent of all identifiable effects on public health and welfare that may be
expected from the presence of the pollutant in ambient air.

Section 109 directs the Administrator of EPA to propose and promulgate “primary” and
“secondary” NAAQS for pollutants identified under Section 108. Section 109(b)(1) defines a

primary standard as a level of air quality, the attainment and maintenance of which, in the

Jjudgement of the Administrator, based on the criteria and allowing for an adequate margin of
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safety, is requisite to protect the public health. Section 109(b)(2) defines a secondary standard as
one which, in the judgement of the Administrator, based on the criteria, is requisite to protect
public welfare from any known or anticipated adverse effects associated with the presence of
such pollutants. Welfare effects, defined in Section 302(h), include, but are not limited to,
effects on soils, water, crops, vegetation, man-made materials, animals, wildlife, weather,
visibility and climate, damage to and deterioration of property, and hazards to transportation, as
well as effects on economic values and personal comfort and well-being. Section 109(d)(1)
requires periodic review and, as appropriate, revision of existing criteria and standards.

Section 109(d)}(2) requires an independent committee of non-EPA experts, the Clean Air
Scientific Advisory Committee (CASAC), to provide advice and recommendations to the EPA
Administrator regarding the scientific soundness and appropriateness of criteria and NAAQS for
PM aﬁd other “criteria air pollutants” (i.., 0zone; nitrogen dioxide, sulfur oxides, carbon

monoxide, lead) regulated under CAA Sections 108-109.

12 HISTORY OF PREVIOUS PM CRITERIA AND NAAQS REVIEWS

“Particulate matter” is the generic term for a broad class of physically and chemically
diverse substances that exist in ambient air as discrete particles (liquid droplets or solids) over a
wide range of sizes. These airborne particles originate from a variety of stationary and mobile
sources. Primary particles are emitted directly into ambient air; whereas secondary particles are
formed in the atmosphere by transformation of gaseous emissions such as sulfur oxides (SO,),
nitrogen oxides (NO,), and volatile organic compounds (VOCs). The physical and chemical
properties of PM vary greatly with time, region, meteorology, and source category, thus
complicating assessment of ambient PM health and welfare effects. Particles in ambient air are
usually distributed bimodally in two somewhat overlapping size categories: (1) fine (diameter
gencrally less than 2.5 mm) and (2} coarse (diameter generally greater than 1.0 pm). Particles in
these two size fractions tend to differ in terms of formation mechanisms, sources of origin,
composition, and behavior in the atmosphere and human respiratory tract.

EPA first promulgated primary and secondary NAAGQS for PM on April 30, 1971 (Federal
Register, 1971). These standards measured PM as “total suspended particulate” (TSP), which

refers to ambient PM up to a nominal size of 25 to 45 micrometers (um). The primary standards

June 2003 1-2 DRAFT-DO NOT QUOTE OR CITE




R = - o O ¥ 7 L R

WoWw NN M NN )
HcowquAﬁmggG;:aazaﬁ:E

for PM (measured as TSP) were 260 pg/m’ (24-h average), not to be exceeded more than once
per year, and 75 pg/m’ (annual geometric mean). The secondary standard (measured as TSP)

was 150 pg/m?® (24-h average), not to be exceeded more than once per year.

EPA completed the next review of PM air quality criteria and standards in July 1987,

revising the 1971 standards to protect against adverse health effects of inhalable airborne
particles which can be deposited in the lower (thoracic) regions of the human respiratory tract,
with “PM,,” as the indicator (i.e., those particles collected by a sampler with a specified
penetration curve yielding an upper 50% cut-point of 10-um aerodynamic diameter (Federal
Register, 1987). EPA established identical primary and secondary PM,, standards for two
averaging times: 150 pg/m® (24-h average), with no more than one expected exceedance per

year and 50 pg/m’ (expected annual arithmetic mean), averaged over three years,

1.2.1 The 1997 PM NAAQS Revision

The last previous review of the air quality criteria and standards for PM was initiated in
April 1994 by EPA announcing its intention to develop revised Air Quality Criteria for
Particulate Matter. Several workshops were held by EPA’s Environmental Criteria and
Assessment Office in Research Triangle Park, NC (ECAO-RTP) in November 1994 and January
1995 to discuss important new health effects information useful in preparing initial PM AQCD
draft materials. Also, plans for review of the PM criteria and standards under a highly
accelerated, court-ordered schedule were presented by EPA at a public meeting of the CASAC in
December 1994. A court order entered in American Lung Association v. Browner, CIV-93-643-
TUC-ACM (U.S. District Court of Arizona, 1995), as subsequently modified, required
]ﬁublication of EPA’s final decision on the review of the PM NAAQS by July 19, 1997.

Several external review drafts of the revised PM AQCD were prepared by the RTP
Division of EPA’s newly created National Center for Environmental Assessment (i.e., by
NCEA-RTP, the successor office to ECAO-RTP), and each were made available for public
comment followed by CASAC review (at public meetings held in August 1995, December 1995,
and February 1996). The CASAC came to closure on its review of the PM AQCD in carly 1996,
advising the EPA Administrator in a March 15, 1996 closure letter {Wolft, 1996) that “although
our understanding of the health effects of PM is far from complete, a revised Criteria Document

which incorporates the Panel’s latest comments will provide an adequate review of the available
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scientific data and relevant studies of PM.” Revisions made in response to public and CASAC

comments were then incorporated by NCEA-RTP, as appropriate, into the final 1996 PM AQCD
(U.S. Environmental Protection Agency, 1996a). A PM Staff Paper (SP), prepared by the Office
of Air Quality Planning and Standards (OAQPS) within EPA’s Office of Air and Radiation
(OAR), drew upon the 1996 PM AQCD and other exposure and risk assessments to pose options
for PM NAAQS decisions. Drafts of the PM SP also underwent public comment and CASAC
review, with consequent revision into the final 1996 PM SP (U.S. Environmental Protection
Agency, 1996b).

The 1996 PM AQCD and the 1997 PM SP (U.S. Environmental Protection Agency,
1997a,b) provide detailed information on atmospheric formation, ambient concentrations, and
health effects of ambient air PM, as well as quantitative estimates of human health risks
associated with exposure to ambient PM. The principal focus of these documents was on recent

epidemiologic evidence reporting associations between ambient concentrations of PM and a

* range of serious health effects. Special attention was given to several size-specific classes of

particles, including PM,, and the principal fractions of PM,,, referred to as the fine (PM, ) and
coarse (PM,,, ;) fractions. PM, ; refers to those particles coilected by samplers having
penetration curves yielding an upper 50% cut point of 2.5 pm aerodynamic diameter. PMg, 5
refers to those particles in an aggregate sample having an upper 50% cut point of 10 pm and a
lower 50% cut point of 2.5 pm aerodynamic diameter. In other words, the coarse fraction
(PM,,, ) refers to the inhalable particles that remain if fine (PM, ;) particles are removed froma
sample of PM,, particles. As discussed in the 1996 PM AQCD, fine and coarse fraction particles
can be differentiated by their sources and formation processes and by their chemical and
physical properties, including behavior in the atmosphere.

Taking into account information and assessments presented in the 1996 PM AQCD and
PM SP, advice and recommendations of CASAC, and public comments received on proposed
revisions to the PM NAAQS published in December 1996 (Federal Register, 1996), the EPA
Administrator promulgated significant revisions to the PM NAAQS in July 1997 (Federal
Register, 1997). In that decision, the PM NAAQS were revised in several respects. While it was
determined that the PM NAAQS should continue to focus on particles less than or equal to
10 pm in diameter, it was also determined that the fine and coarse fractions of PM,, should be

considered separately. New standards were added, using PM, ; as the indicator for fine particles,
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and PM,, standards were retained for the purpose of regulating coarse-fraction particles. Two
new PM, s standards were set: an annual standard of 15 pg/m?, based on the 3-year average of
annual arithmetic mean PM, ; concentrations from single or multiple community-oriented
monitors; and a 24-hour standard of 65 pg/m®, based oh the 3-year average of the 98™ percentile
of 24-hour PM, 5 concentrations at each population-oriented monitor within an area. To continue
to address coarse-fraction particles, the annual PM,, standard was retained, and the form, but not
the level, of the 24-hour PM,, standard was revised to be based on the 99% percentile of 24-hour
PM,, concentrations at each monitor in an area. The secondary standards were revised by
making them identical in all respects to the primary standards.

Following promuigation of the revised PM NAAQS, legal challenges were filed by a large
number of parties, addressing a broad range of issues. In May 1998, the U.S. Court of Appeals
for the District of Columbia Circuit issued an initial opinion that upheld EPA’s decision to
establish fine particle standards, hblding that such standards were amply justified by the growing
body of einpirical evidence demonstrating a relationship between fine particle pollution and

adverse health effects. American Trucking Associations v. Browner, 175 F. 3d 1027, 1055-56
(D.C. Cir. 1999) (rehearing granted in part and denied in part, 195 F. 3d 4 (D.C. Cir. 1999b),

affirmed in part and reversed in part, Whitman v. American Trucking Associations, 531 U.S. 457
(2001). Further, the court found “ample support” for EPA’s decision to regulate coarse fraction
particles, although it vacated the revisions to thé 1987 PM,, standards on the basis of PM,, being
a “poorly matched indicator for coarse particulate pollution” because PM,, includes fine
partic'les. Id. at 1053-55. As a result of this aspect of the court’s ruling, which EPA did not
appeal, the 1987 PM,, standards remain in effect.

In addition, the court broadly held that EPA’s approach to establishing the level of the
standards in its 1997 decisions on both the PM and ozone NAAQS (which were promulgated on _
the same day and considered together by the court in this aspect of its opinion) effected “an
unconstitutional delegation of legislative authority.” Id. at 1034-40. EPA appealed this aspect of
the court’s ruling to the United States Supreme Court. In February 2001, the U.S. Supreme
Court unanimously reversed the Court of Appeals® ruling on the constitutional issue, and sent the
case back to the Court of Appeals for resolution of any remaining issues that had not been

addressed in that court’s earlier rulings. Whitman v. American Trucking Associations, 531 U.S.
457, 475-76 (2001). In March 2002, the Court of Appeals rejected all remaining challenges to
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the standards, finding that the 1997 PM, 5 standards were reasonably supported by the record and

were not “arbitrary or capricious.” American Trucking Associations v. EPA, 283 F. 3d 355,
369-72 (D.C. Cir. 2002). Thus, the 1997 PM, ; standards are in effect.

1.2.2 Coordinated Particulate Matter Research Program

Shortly after promulgation of the 1997 PM NAAQS decisions, NCEA-RTP published a
PM Health Risk Research Needs Document (U.S. Environmental Protection Agency, 1998a) that
identified research needed to improve scientific information supporting future reviews of the PM
NAAQS. The document provided a foundation for PM research coordination among cheral
agencies and other research organizations and also provided input to later National Research
Council (NRC) deliberations on PM research. The Office of Research and Development (ORD)
of EPA also moved quickly to broaden its ongoing PM research activities by developing, in
partnership with other Federal agencies, a coordinated interagency PM research program. This
interagency program has and continues to focus mainly on expanding scientific knowledge of
ambient PM exposure and health effects, as well as including development of improved
monitoring methods and cost-effective mitigation strategies. The interagency effort also
promotes substantially expanded coordination with other research organizations, including the
Health Effects Institute (HEI) and other state-, university-, and industry-sponsored research
groups. Beginning in the fall of 1997, public participation was and continues to be encouraged
through workshops and review of EPA’s PM Research Program documentation.

In response to Congressional requirements in EPA’s Fiscal Year 1998 Appropriation, the
NRC established its Committee on Research Priorities for Airborne Particulate Matter in January
1998. This NRC PM Research Committee’s charge is to identify the most important research
priorities relevant to setting PM NAAQS, to develop a conceptual plan for PM research, and to
monitor EPA’s research progress toward improved understanding of the relationship between
PM and public health. The Committee issued its first report in early 1998 (National Research
Council, 1998), a second one in 1999 (National Research Council, 1999), and a third one in 2001
(National Research Council, 2001). In the above-noted series of reports, the NRC PM Research
Committee recommended that expanded PM research efforts be planned and carried out in
relation to a general conceptual framework as shown in Figure 1-1. That framework essentially

calls for research aimed at: (a) identifying sources of airborne particles or gaseous precursor
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Figure 1-1. A general framework for integrating particulate-matter research. Note that
this figure is not intended to represent a2 framework for research management.
Such a framework would include multiple pathways for the flow of
information.

Source: National Research Council (2001).

emissions and characterization of processes involved in atmospheric transformation, transport,
and fate of ambient PM; (b) delineation of temporal and spatial patterns of air quality indicators
(e.g.., PM, 5, PM)4, 5, PM,, mass concentrations) of ambient PM and apportionment of observed
variations in such ambient PM indicators to various emission sources; (c) characterization of
human exposures to ambient PM as one important component of total personal exposure to
particles, as modified by time-activity patterns and varying microenvironmental exposure to
particles of indoor or ambient origin; (d) characterization of resulting respiratory tract
deposition, clearance, retention, and dispositioh of inhaled particles, as determinants of dose to
target tissues (e.g., locally in the lungs or via systemic translocation to the heart or other organs);
(e) delineation of mechanisms of damage and repair plausibly leading to (f) human health -
responses, as extrapolated from or quantified by experimental animal or human exposure
(toxicology) studies and/or observational (epidemiology) studies.

Research conducted under a PM Research Program structured in relation to the conceptual
framework shown in Figure 1-1 would be expected (a) to reduce key scientific uncertaintics
regarding interrelationships between PM sources, ambient concentrations, exposures, dose to
target tissues, and resulting health effects and (b) thereby improve the scientific underpinnings
for both current and future periodic PM NAAQS reviews. Table 1-1 highlights some types of -

key uncertainties identified by the NRC PM Research Committee in relation to elements of the
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TABLE 1-1. KEY SCIENTIFIC UNCERTAINTIES RELATED TO THE
SOURCE-TO-RESPONSE FRAMEWORK

Source D — Concentration (or other indicator)

« Contribution of various emission sources to ambient and indoor particulate matter concentrations

« Relative contribution of various sources to the most toxic components of particulate matter

Concentration (indicator) —- Exposure

« Relationship between ambient (indoor) particulate matter and the composition of particles to
which people are exposed

« Contribution of ambient particulate matter to total personal exposure for:

- Susceptible subpopulations
- General population

« Variation in relationship of ambient particulate matter concentrations to human exposure by place

» Variation in contribution of ambient particulate matter concentrations to total human exposure
over time

» Covariance of particulate matter exposures with exposures to other pollutants

« Relationships between outdoor ambient and personal exposures for particulate matter and co-

pollutants

Exposure — Dose

« Relationship between inhaled concentration and dose of particulate matter and constituents at the
tissue level in susceptible subjects

- Asthma

- Chronic obstructive pulmonary disease (COPD)
- Heart disease

- Age: infants and elderly

- Others

Dose e Response

» Mechanisms linking morbidity and mortality to particulate matter dose to or via the lungs

- Inflammation
- Host defenses
- Neural mechanisms

Source: National Research Council (2001).
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source-to-response conceptual framework illustrated in Figure 1-1. The NRC Committee went
on to delineate a series of 10 research topics that they recommended be addressed in an
expanded PM research program aimed at answering a set of broadly stated questions, as shown
in Table 1-2,

The EPA PM Research Program, structured to address topics shown in Table 1-2 includes,
for example, studies to improve understanding of the formation and composition of fine PM,
improved measurements and estimation of population exposures to ambient PM, the
characteristics or components of PM that are responsible for its health effects, factors increasing
susceptibility to PM effects in some subpopulations, and mechanisms by which these effects are
produced. The results from these efforts, and related efforts by other Federal agencies and the
general scientific community during the past several years, have substantially enhanced the

scientific and technical bases for future decisions on the PM NAAQS.

1.3 CURRENT PM CRITERIA AND NAAQS REVIEW
1.3.1 Key Milestones

As with other NAAQS reviews, rigorous. assessment of relevant scientific information is
presentéd in this updated, revised PM AQCD. As shown in Table 1-3, development of the
document has involved substantial external peer review through (a) public workshops involving
the general aerosol scientific community, (b) iterative reviews of successive drafts by CASAC,
and (c) comments from the public. The final document will reflect input received through these
reviews and will serve to evaluate and integrate the Iatest available scientific information to
ensure that the review of the PM standards is based on rigorous evaluation of the available
science. |

An earlier (October 1999) First External Review Draft of this updated document was
released in the fall of 1999 for public comment and CASAC review. A Second External Review
Draft (March 2001) took into account eatlier public comments and the December 1999 CASAC
review and was reviewed by CASAC in July 2001. A Third External Review Draft similarly

took into account prior public comments and CASAC recommendations and was released in

early May 2002 for a 60-day public comment period; CASAC reviewed it at a public meeting in
July 2002. . '

June 2003 ' DRAFT-DO NOT QUOTE OR CITE




TABLE 1-2. RESEARCH TOPICS AND QUESTIONS RECOMMENDED BY
NATIONAL RESEARCH COUNCIL (NRC) TO BE ADDRESSED BY EXPANDED
PM RESEARCH PROGRAM

RESEARCHTOPIC1. OUTDOOR MEASURES VERSUS ACTUAL HUMAN EXPOSURES

« What are the quantitative relationships between concentrations of particulate matter and gaseous co-
pollutants measured at stationary outdoor air monitoring sites and the contributions of these concentrations
to actual personal exposures, especially for subpopulations and individuals?

RESEARCH TOPIC2. EXPOSURES OF SUSCEPTIBLE SUBPOPULATIONS TO TOXIC
PARTICULATE MATTER COMPONENTS

» What are the exposures to biologically important constituents and specific characteristics of particulate
matter that cause responses in potentially susceptible subpopulations and the general population?

RESEARCH TOPIC3. CHARACTERIZATION OF EMISSION SOURCES

« What are the size distribution, chemical composition, and mass-emission rates of particulate matter emitted
from the collection of primary-particle sources in the United States, and what are the emissions of reactive
gases that lead to secondary particle formation through atmospheric chemical reactions?

RESEARCH TOPIC4.  AIR-QUALITY MODEL DEVELOPMENT AND TESTING

« What are the linkages between emission sources and ambient concentrations of the biologically important
components of particulate matier?

RESEARCH TOPICS5.  ASSESSMENT OF HAZARDOUS PARTICULATE MATTER
COMPONENTS

« What is the role of physicochemical characteristics of particulate matter in eliciting adverse health effects?

RESEARCH TOPIC 6. DOSIMETRY: DEPOSITION AND FATE OF PARTICLES IN THE
RESPIRATORY TRACT )

» What are the deposition patterns and fate of particles in the respiratory tract of individuals belonging to
presumed susceptible subpopulations? '

RESEARCH TOPIC7. COMBINED EFFECTS OF PARTICULATE MATTER AND GASEOUS
POLLUTANTS

+ How can the effects of particulate matter be disentangled from the effects of other pollutants? How can the
effects of long-term exposure to particulate matter and other pollutants be better understood?

RESEARCH TOPIC 8.  SUSCEPTIBLE SUBPOPULATIONS

« What subpopulations are at increased risk of adverse health outcomes from particulate matter?

RESEARCH TOPIC%.  MECHANISMS OF INJURY

+ What are the underlying mechanisms (local pulmonary and systemic) that can explain the epidemiologic
findings of mortality/morbidity associated with exposure to ambient particulate matter?

RESEARCH TOPIC 10. ANALYSIS AND MEASUREMENT

« To what extent does the choice of statistical methods in the analysis of data from epidemiologic studies
influence estimates of health risks from exposures to particulate matter? Can existing methods be
improved? What is the effect of measurement error and misclassification on estimates of the association
between air pollution and health?

Source: National Research Council (2001).
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TABLE 1-3. SCHEDULE FOR DEVELOPMENT OF THE CURRENT REVISED
PARTICULATE MATTER AIR QUALITY CRITERIA DOCUMENT (PM AQCD)

Major Milestones

Target Dates

PM NAAQS Review Plan to CASAC
Prepare AQCD Development Plan

Begin Literature Search

Federal Register Call for Information/Sources Sought

CASAC Meeting on AQCD Development Plan

Prepare Workshop Drafts of Chapters
Peer Review Workshop

Prepare External Review Draft AQCD
First External Review Draft

Public Comment Period on Draft AQCD
CASAC Meeting on First Draft AQCD
Second External Review Draft

Public Comment Period on Second Draft
CASAC Meeting on Second Draft

Third External Review Draft

Public Comment Period on Third Draft
CASAC Meeting on Third Draft

Final PM AQCD

October 1997

November 1997 to January 1998

February 1998

April 1998

May 1598

May to December 1998
April 1999

March to September 1999 .
October 1999

* October 1999 to January 2000

December 1999
March 2001

April to July 2001
July 2001

April 2002

May to July 2002
July 2002
Oct/Nov 2002

Shortly after EPA released the Third External Review Draft in May 2002, the Health
Effects Institute (HEI) announced that researchers at Johns Hopkins University had discovered

problems with applications of statistical software used in a number of important studies on links

between ambient air particulate matter (PM) and death and disease. In response to the surfacing

of such statistical issues, which affected numerous PM time-series studies that used General
Addittve Models (GAM) and were published post-1995, EPA took steps in consultation with

CASAC to encourage researchers to reanalyze affected studies and to submit them expeditiously
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for peer review by a special expert panel convened by HEI. The results of reanalyses for more
than 30 studies of likely importance in informing U.S. standard setting decisions for ambient PM
have now been peer-reviewed and are included, along with commentary by the HEI expert peer-
review panel, in a recently released HEI Special Report (Health Effects Institute, May 2003).

The subject statistical issues and reanalyses results are discussed in more detail in Chapter 8 of

this document. After a 60-day public comment period, siarting in June 2003, and CASAC

review of this Fourth Draft, the final version of this PM AQCD is targeted for issuance by
December 31, 2003,

After CASAC review of the First External Review Draft of this revised PM AQCD in
December 1999, EPA’s OAQPS started to prepare the associated PM Staff Paper (SP).

A preliminary draft SP was made available to the public and was discussed at a July 2001
CASAC meeting; and additional consultations have been held via teleconference with CASAC
to obtain feedback on proposed approaches to be used in conducting analyses to be included in
the First External Review Drafi of the PM SP due to be released in the summer of 2003. The
draft PM SP will draw on the updated findings and conclusions from this draft PM AQCD and
wiil also undergo public comment and CASAC review (now being scheduled for November,
2003). Ultimately drawing on information in the final version of this newly revised PM AQCD,
the PM SP will evaluate policy implications of the key studies and scientific findings contained
in the AQCD, present related staff analyses of air quality and human health risk, and identify
critical elements that EPA staff believes should be considered in reviewing the PM standards.
The PM SP is intended to bridge the gap between the scientific review in the AQCD and the
public health and welfare policy judgements required of the Administrator in reviewing the PM
NAAQS. In doing so, the PM SP will include staff conclusions and recommendations of options
for the Administrator’s consideration.

Based on the final versions of the PM AQCD and the PM SP, and on the advice of
CASAC, the Administrator will propose decisions as to whether to retain or revise the current
PM NAAQS and prbvide opportunities for public and CASAC comments on the proposed
decisions. Taking into account comments on the proposed decisions, the Administrator will then
make final decisions on the PM NAAQS, which are now expected to be published around the
end of 2005.
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1.3.2 Methods and Procedures for Document Preparation
The procedures for developing this revised PM AQCD build on the experience and

methods derived from the most recent previous PM, Ozone, and CO AQCD preparation efforts.
Briefly, the respective responsibilities for production of the present PM AQCD are as follows.
An NCEA-RTP PM Team was formed and is responsible for developing and implementing the
project plan for preparation of the PM AQCD, taking into account inputs from individuals in
other EPA program and policy offices identified as part of the EPA PM Work Group. The
resulting project plan (i.e., the PM Document Development Plan) was discussed with CASAC in
May 1998 and was appropriately revised. An ongoing literature search has continued to be
conducted to identify, to the extent possible, all pertinent PM literature published since early
1996. Additionally, EPA published in the Federal Register (1) a request for information asking
for recently available research information on PM that may not yet be published and
(2) a request for individuals with the appropriate type and level of expertise to contribute to the
writing of PM AQCD materials to identify themselves (U.S. Environmental Protection Agency,
1998b). The specific authors of chapters or sections of the proposed document were selected on o
the basis of their expertise on the subject areas and their familiarity with the relevant literature; '
these include both EPA and non-EPA scientific experts. The project team defined critical issues
and topics to be addressed by the authors and provided direction in order to emphasize
evaluation of those studies most clearly identified as important for standard setting. It should be
noted that materials contributed by non-EPA authors are incorporated and, at times, modified by
EPA PM team staff to reflect internal and/or external review comments, e.g., by the public or
CASAC, and that EPA is responsible for the ultimate content of the PM AQCD.

~ The main focus of this revised criteria document is the evaluation and interpretation of
pertinent atmospheric science information, air quality data, human exposure information, and
health and welfare effects information newly published since that assessed in the 1996 PM
AQCD and likely to be useful in deriving criteria for U.S. EPA PM NAAQS decisions. Initial
draft versions of AQCD chapters were evaluéted via expert peer-review workshop discussions
and/or written peer reviews that focused on the selection of pertinent studies included in the
chapters, the potential need for additional information to be added to the chapters, and the
quality of the summarization and interpretation of the literature. The authors of the draft

chapters then revised them on the basis of workshop and/or written expert review
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recommendations. These and other integrative summary materials were incorporated into the
First External Review Draft of the PM AQCD (October 1999), which underwent public
comment and was the subject of consultation with CASAC at a December 1999 public meeting.
In order to foster timely presentation and publication of newly emerging PM research
findings, EPA co-sponsored an Air and Waste Management Association International Speciality
Conference, entitled “PM 2000: Particulate Matter and Health,” held in January 2000 in
Charleston, SC. The conference was co-sponsored in cooperation with several other government
agencies and/or private organizations that also fund PM research. Topics covered included new
research results concerning the latest advances in PM atmospheric sciences (e.g., PM formation,
transport, transformation), PM exposure, PM dosimetry and extrapolation modeling, PM
toxicology (e.g., mechanisms, laboratory animal models, human clinical responses), and PM
epidemiology. The main purpose of the conference was to facilitate having the latest scientific
information available in time for incorporation as quickly as possible into the Second External
Review Draft of this revised PM AQCD. Hence, arrangements were made for scientists to
submit written manuscripts on papers or posters presented at the PM 2000 Conference for
expedited peer-review by several major journals, so that decisions on acceptance for publication
could be made by mid-2000. The evaluations and findings set forth in the Second External
Review Draft (March 2001) of the revised PM AQCD included consideration of such published
PM 2000 papers and extensive additional information published elsewhere since the previous
First External Review Draft; and the Second Draft was reviewed by CASAC in July 2001.
Further revisions were then incorporated into the Third External Review Draft (April 2002)
to reflect both public comment and CASAC review of the Second Draft, as well as assessment of
additional extensive new information published since that addressed in the Second Draft. This
Fourth Draft AQCD incorporates changes made in response to earlier public comments and
CASAC reviews; and it includes pertinent peer-reviewed literature published or accepted for
publication mainly through April 2002, The final PM AQCD will include revisions made in

response to public comment and CASAC review of this draft document.
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1.3.3 Approach

An initial step in development of this revised PM AQCD was to focus on selection of
pertinent issues to include in the document as the basis for the derivation of PM NAAQS criteria.
Preliminary issues were-identiﬁed by the NCEA PM Team via inputs from other EPA program
and policy offices, as derived from the 1996 PM AQCD and SP, their CASAC and public
reviews, from the 1997 standard promulgation process, and from the 1998 PM Research Needs

Document (alluded to in Section 1.2.2). Still further identification and refinement of issues

resulted from NRC review and reports on PM research priorities (also discussed in Section 1.2.2

above). The CASAC review of the PM AQCD Development Plan and public comments on
earlier draft AQCD materials at various stages of their development also provided important
inputs regarding issue identification.

In developing draft materials for inclusion in the revised PM AQCD, detailed review of
key new research was undertaken as a first step. However, instead of presenting a
comprehensive review of all the literature, emphasis in this revised AQCD is placed on (1) first,
the concise summary of key findings derived from previous PM criteria reviews (especially the
1996 PM AQCD) and, then, (2) evaluation of the most pertinent new key information, with
greater emphasis on more interpretive assessment — an approach reflecting CASAC
recommendations. To aid in the development of a more concise document than the 1996 PM
AQCD, compilation of summary tables of relevant new literature published since completion of
that previous document and selective text discussion of such new literature has been undertaken,
with increased emphasis being placed in text discussions on interpretive evaluation and

integration of key points derived from the newly summarized research results.

1.4 DOCUMENT ORGANIZATION AND CONTENT

The present draft document attempts to critically review and assess relevant scientific
literature on PM published, since early 1996, including materials accepted for publication mainly
through April 2002 (and thus appearing mostly during 2002). Limited coverage of some more
recent studies is also included as deemed appropriate in light of its special importance. For
example, information derived from the recently released HEI Special Report (Health Effects

Institute, May 2003), discussed above in Section 1.3.1, is being integrated into this assessment,
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Literature discussed in detail in the 1996 EPA PM AQCD (U.S. Environmental Protection

Agency, 1996a) generally is not discussed in depth in this document; rather key findings from
that 1996 review are summarized as appropriate. Limited treatment is included, however, for
some earlier studies judged to be of particular importance in the review of the PM NAAQS.
Key literature is mainly summarized in tables; and the text mainly attempts to integrate and
discuss overall interpretive points. An attempt is made to present alternative points of view
where scientific controversy exists.

Emphasis is placed in the document on studies conducted at or near PM pollutant
concentrations found in ambient air. However, although emphasis has been placed on studies in
the range of current ambient levels, studies examining effects of higher concentrations have been
included if they contain unique data or documentation of a previously unreported effect or
mechanism.

The present document, basically organized to assess information related to topics along the
same flow of issues presented in the NRC conceptual framework shown in Figure 1-1, includes
an Executive Summary and nine chapters presented in two volumes. Volume I contains the
Executive Summary, this general introduction (Chapter 1), and Chapters 2 through 5. Chapters 2
and 3 provide background information on physical and chemical properties of PM and related
compounds; sources and emissions; atmospheric transport, transformation, and fate of PM;
methods for the collection and measurement of PM; and U.S. ambient air PM concentrations.
Chapter 4 assesses PM environmental effects on vegetation and ecosystems, visibility, man-
made materials, and climate-related effects (including effects on atmospheric transmission of
solar radiation), and includes limited information on economic impacts of some welfare effects.
Chapter 5 discusses factors affecting exposure of the general population to ambient PM.

The second volume contains Chapters 6 through 9. Chapter 6 evaluates information
concerning dosimetry of inhaled particles in the respiratory tract. Chapter 7 assesses the
toxicology of specific types of PM constituents and potential mechanisms of action, based on
both laboratory animal studies and controlled human exposure studies. Chapter 8 discusses
observational, i.e., epidemiologic, studies. Lastly, Chapter 9 integrates key information on
exposure, dosimetry, and critical health risk issues derived from studies reviewed in the prior
chapters, as well as highlighting key points regarding important welfare effects associated with

ambient PM.
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2. PHYSICS, CHEMISTRY, AND MEASUREMENT
OF PARTICULATE MATTER

Chapter 3 of the 1996 EPA document Air Quality Criteria for Particulate Matter (1996 PM
AQCD; U.S. Environmental Protection Agency, 1996a) contained an extensive review of the
physics and chemistry of airborne particulate matter (PM). Chapter 2 of this revised version of
the PM AQCD also provides background information on the physics and chemistry of
atmospheric particles, information useful in aiding the understanding of subsequent chapters.
Those subsequent chapters are basically organized to follow the sequence of key elements
comprising the risk assessment framework described in Chapter 1 (Section 1.2.2), beginning
with sources and continuing to effects as shown in Figure 1-1. Thus, this chapter provides

new information useful in evaluating PM effects of PM on human health and welfare and in

- preparing related risk assessments used to support PM standard-setting decisions. Information

important for implementation of PM standards, but not essential to the standard setting process,
is not the focus in this chapter. The reader is referred to the NARSTO Fine Particle Assessment
(NARSTO, 2003) for information relevant to air quality management for PM.

Unlike other criteria pollutants (O,, CO, SO,, NO,, and Pb), PM is not a specific chemical
entity but is a mixture of particles from different sources and of different sizes, compositions,
and properties. Emphasis is placed here on discussion of differences between fine and coarse
particles and differences between ultrafine particles and accumulation-mode particles within fine
particles.

PM is defined quantitatively by the measurement techniques employed. Therefore, it will
be useful to discuss our understanding of the relationship between PM suspended in the
atmosphere, PM inhaled by people, and PM measured by variéus sampling and analytical
techniques. Chapter 4 of the 1996 PM AQCD (U.S. Environmental Protection Agency, 1996a)
contained a review of the state-of-the-art of PM measurement technology. Since that time,
considerable progress has been made in understanding problems in the measurement of PM
mass, chemical composition, and physical parameters. There also has been progress in
developing new and improved measurement techniques, especially for continuous

measurements. Therefore, a more extensive survey on measurement problems and on newly
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developed measurement techniques is included in Section 2.2. For more detail and older
references, the reader is referred to Chapters 3 and 4 of the 1996 PM AQCD (U.S.

Environmental Protection Agency, 1996a).

2.1 PHYSICS AND CHEMISTRY OF PARTICULATE MATTER
2.1.1  Basic Concepts

Atmospheric particles originate from a variety of sources and possess a range of
morphological, chemical, physical, and thermodynamic properties. Examples of atmospheric
particles include combustion-generated particles, such as diesel soot or fly ash; photochemically
produced particles, such as those found in urban haze; salt particles formed from sea spray; and
soil-like particles from resuspended dust. Some particles are liquid; some are solid. Others may
contain a solid core surrounded by liquid. Atrhospheric particles contain inorganic ions, metallic
compounds, elemental carbon, organic compounds, and crustal compounds. Some atmospheric
particles are hygroscopic and contain particle-bound water. The organic fraction is especially
complex, containing hundreds (probably thousands) of organic compounds. (See Appendix 3C
for information on the composition of the organic fraction and the concentration of specific
organic compounds.) Primary particles are emitted directly from sources; whereas secondary
particles are formed from gases through chemical reactions in the atmosphere involving
atmospheric oxygen (O,) and water vapor (H,0); reactive species such as ozone (O;); radicals
such as the hydroxyl («OH) and nitrate (+NO,) radicals; and pollutants such as sulfur dioxide
(S0O,), nitrogen oxides (NOy), and organic gases from natural and anthropogenic sources. The
particle formation process includes nucleation of particles from low-vapor pressure gases
emitted from sources or formed in the atmosphere by chemical reactions, condensation of
low-vapor pressure gases on existing particles, and coagulation of particles. Thus, any given
particle may contain PM from many sources. Because a particle from a given source is likely to
be composed of a2 mixture of chemical components and particles from different sources may
coagulate to form a new particle, atmospheric particles may be considered a mixture of mixtures.

The composition and behavior of particles are fundamentally linked with those of the
surrounding gas. An aerosol may be defined as a suspension of solid or liquid particles in air.

The term aerosol includes both the particles and all vapor or gas phase components of air.
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| However, the term aerosol is sometimes used to refer to the suspended particles only. In this

document, “particulate™ is used only as an adjective, as in particulate matter.

A complete description of the atmospheric aerosol would include an accounting of the
chemical composition, morphology, and size of each particle and the relative abundance of each
particle type as a function of particle size (Friedlander, 1970). However, the physical and
chemical characteristics of particles are usually measured separately. Size distributions by
particle number, used to calculate surface area and volume distributions, often are determined by
physical means, such as electrical mobility, aerodynamic behavior, or light scattering. Chemical
composition usually is determined by analysis of collected samples although some species can
be measured in situ. The mass and average chemical composition of particles, segregated
according to aerodynamic diameter by cyclones or impactors, can also be determined. However,
recent developments in single particle analysis techniques by electron microscopy with X-ray
analysis of single particles (but not agglomerates) collected on a substrate or by mass

spectroscopy of individual suspended particles provide elemental composition of individual

| - particles by particle size and, thus, are bringing the description envisioned by Friedlander closer

to reality.

2.1.2  Physical Properties and Processes
2.1.2.1 Definitions of Particle Diameter 7

The diameter of a spherical particle may be determined by optical or electron microscopy,
by light scattering and Mie theory, by its electrical mobility, or by its aerodynamic behavior.
However, atmospheric particles often are not spherical. Therefdre, their diameters are described
by an “equivalent” diameter (i.e., the diameter of a sphere that would have the same physical
behavior). An optical diameter is the diameter of a spherical particle, with the same refractive
index as the particle used to calibrate the optical particle sizer, that scatters the same amount of
light into the solid angle measured. Diffusion and gravitational settling are important physical
behaviors for particle transport, collection, and removal processes, including deposition in the
respiratory tract. Different equivalent diameters are used depending on which process is more
important. For smaller particles diffusion is more important and the Stokes diameter is often
used. For larger particles gravitational setting is more important and the aerodynamic diameter

is ofterr used.
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The Stokes diameter, D,, describes particle size based on the aerodynamic drag force
imparted on a particle when its velocity differs from that of the surrounding fluid. For a smooth,

spherically shaped particle, D, exactly equals the physical diameter of the particle. For

* irregularly shaped particles, D, is the diameter of an equivalent sphere that would have the same

aerodynamic resistance. Electrical mobility analyzers classify particles according to their
electrical mobility. Particles of equal Stokes diameters that carry the same electric charge will
have the same electrical mobility. Hence, for spherical particles, the electrical mobility diameter
would equal the Stokes diameter. The mobility diameter can be considered thé diameter of a
spherical particle that would have the same electrical mobility. The particle mobility can be
related to the particle diffusion coefficient and Brownian diffusion velocity through the Stokes-
Einstein equation. Thus, the Stokes diameter is the appropriate parameter for particle behavior
governed by diffusion. The Stokes diameter, D, is used in size distributions based on light
scattering and mobility analysis. The Stokes diameter is independent of density-

The aerodynamic diameter, D_, however, depends on particle density. It is defined as the
diameter of a spherical particle with an equal gravitational settling velocity but a material density
of 1 g/em®. Cascade impactors separate particles Based on their acrodynamic diameter and
aerodynamic particle sizers measure the aerodynamic diameter. Respirable, thoracic, and
inhalable sampling and PM, ; and PM,, sampling are based on particle aerodynamic diameter.
For particles greater than about 0.5 pm, the aerodynamic diameter is generally the quantity of
interest. For smaller particles, the Stokes diameter may be more useful. Particles with the same
physical size and shape but different densities will have the same Stokes diameter but different
aerodynamic diameters.

Aerodynamic diameter, D,, is related to the Stokes diameter, D, by:

1/2
pC,
,- (22 b,

a

where p is the particle density, and C, and C, are the Cunningham slip factors evaluated for the
particle diameters D, and D, respectively. The slip factor is a function of the ratio between

particle diameter and mean free path of the suspending gas (0.066 um for air at one atmosphere
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pressure and 20 °C). C is an empirical factor that accounts for the reduction in the drag force on
particles due to the “slip” of the gas molecules at the particle surface. It is important for
particles less than 1 pm in diameter, for which the surrounding air cannot be modeled by a
continuous fluid. For large particles (D, > 5 pm) C = 1; while for smaller particles C> 1.

For particles with diameters greater than the mean free path, A, the acrodynamic diameter

given by equation (2-1) is approximated by:

D, = (p)"" D, (D, > ) 2-2)

This expression, which shows that aerodynamic diameter is directly proportional to the square
root of the patticle density, is often used for particles as small as 0.5 pm. For particles with
diameters much smaller than the mean free path, the slip factor must be taken into account.

In this case the aerodynamic diameter is directly proportional to the particle density,

D,= (9D, (D,< A) @)

Detailed definitions of the various sizes and their relationships are given in standard aerosol
textbooks (e.g., Friedlander [2000], Reist [1984, 1993], Seinfeld and P;mdis [1998], Hinds
[1999], Vincent [1989, 1995], Willeke and Baron [1993], Baron and Willeke [2002], and Fuchs
[1964, 1989]).

2.1.2.2 Aerosol Size Distributions

Particle size as indexed by one of the “equivalent” diameters is an important parameter in
determining the properties, effects, and fate of atmospheric particles. The atmospheric
deposition rates of particles and therefore their residence times in the atmosphere are a strong
function of their Stokes and aerodynamic diameters. The diameter also influences deposition
patterns of particles within the lung. Because light scattering is strongly dependent on the
optical particle size, the amount of light scattering per unit PM mass will be dependent on the

size distribution of atmospheric particles. Therefore, the effects of atmospheric particles on
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visibility, radiative balance, and cl-imate will be influenced by the size distribution of the
particles. Studies using cascade impactors or cyclones measure the particle-size distribution
directly in aerodynamic diameter. The diameters of atmospheric particles range from 1 nm to
100 pm, spanning 5 orders of magnitude. A variety of different instruments, measuring a variety
of equivalent diameters, are required to cover this range.

Older particle counting studies used optical particle counters to cover the range of 0.3 to
30 pm diameter. Diameters of particles below 0.5 pm were measured as mobility diameters.
The particle diameters used in size distribution graphs from these studies usually are given as
physical or Stokes diameters rather than aerodynamic diameters. In recent years, aerodynamic
particle sizers have been developed that give a direct measurement of the aerodynamic diameter
in the range of approximately 0.7 to 10 pm diameter. These instruments have been used with
electrical mobility analyzers that measure the mobility diameter of particles from 3 nm to
approximately 0.5 pm (McMurry, 2000). Unfortunately, there is no agreed-upon technique for
combining the various equivalent diameters. Some workers use various assumptions to combine
the various measurements into one presentation; others report each instrument separately.
Therefore, the user of size distribution data should be careful to determine exactly which

equivalent diameter is reported.

Particle Size Distribution Functions

The distribution of particles with respect to size is an important physical parameter
governing their behavior. Because atmospheric particles cover several orders of magnitude in
particle size, size distributions often are expressed in terms of the logarithm of the particle

diameter on the X-axis and the measured differential concentration on the Y-axis: AN/A(logD,)

= the number of pé.rticles per cm® of air having diameters in the size range from log D; to log(D,

+AD,). Because logarithms do not have dimensions, it is necessary to think of the distribution
as a function of log(D,/D), where the reference diameter D,, =1 pm is not explicitly stated. If
AN/A(logD,) is ﬁlotted on a linear scale, the number of particles between D, and D, + AD, is
proportional to the area under the curve of AN/A(logD,) versus logD,. Similar considerations
apply to distributions of surface, volume, and mass. When approximated by 2 function, the

distributions are usually given as dN/d(log D) rather than AN/A(log D,).
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Atmospheric Aerosol Size Distribution;s

In 1978, Whitby (1978) published an analysis of over 1000 particle size distributions
measured at various locations in the U.S. Figure 2-1 shows the number, surface area, and
volume distributions for the grand average continental size distribution. Volume, surface area,
and number distributions are plotted on an arithmetic scale such that the volume, surface area, or
number of particles in any specified size range is proportional to the corresponding area under
the curve. These distributions show that most of the particles are quite small, below 0.1 pm;
whereas most of the particle volume (and therefore most of the mass) is found in particles
>0.1 pm. Other averaged atmospheric size distributions are shown in Figure 2-2 and 2-3
(Whitby, 1978; Whitby and Sverdrup, 1980). Figure 2-2a and b describe the number of particles
as a function of particle diameter for rural, urban-influenced rural, urban, and freeway-
influenced urban aerosols. For some of the same data, the particle volume distributions are
shown in Figure 2-3a and b. Whitby (1978) observed that the size distributions typically had
three peaks which he called “modes.” The entire size distribution could be characterized well by
a trimodal model consisting of three additive log-normal distributions. The mode with a peak
between 5 and 30 pm diameter, formed by mechanical processes, was named the coarse particie
mode; the mode with a peak between 0.15 and 0.5 pm, formed by condensation and coagulation,
was called the accumulation mode; and the mode with a peak between 0.015 and 0.04 pm,
whose size was influenced by nucleation as well as by condensation and coagulation, was called

the transient nuclei or Aiken nuclei range, subsequently shortened to the nuclei mode. The

- nuclei mode could be seen in the number and surface distribution but only in special situations

was it noticeable in the mass or volume distributions, The accumulation and nuclei modes taken
together were called fine particles. An idealized size distribution shoﬁving modes and formation
mechanisms is shown in Figure 2-4.

Whitby (1978) concluded

The distinction between “fine particles” and “coarse particles” is a fundamental one.
There is now an overwhelming amount of evidence that not only are two modes in the mass or
volume distribution usually observed, but that these fine and coarse modes are usually
chemically quite different. The physical separation of the fine and coarse modes originates
because .condensation produces fine particles while mechanjcal processes produce mostly

coarse particles . . . the dynamics of fine particle growth ordinarily operate to prevent the fine
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Figure 2-1. Distribution of coarse (c), accumulation (a), and nuclei (n) mode particles by
three characteristics, 2) number (N), b) surface area (S) and c) volume (V) for
the grand average continental size distribution. DGV = geometric mean
diameter by volume; DGS = geometric mean diameter by surface area;

DGN = geometric mean diameter by number; D, = particle diameter.

Source: Whitby (1978).
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Figure 2-2. Particle size distributions by number, (a) number concentrations are shown on
a logarithmic scale to display the wide range by site and size; (b) number
concentrations for the average urban distribution are shown on a linear scale.
For the linear scale, the area under any part of the curve is proportional to
particle number in that size range.

Source: Whitby (1978), Whitby and Sverdrup (1980).

particles from growing larger than about 1 pm. Thus, the fine and coarse modes originate
separately, are transformed separately, are removed separately, and are usually chemically
different . . . practically all of the sulfur found in atmospheric aerosol is found in the fine
particie fraction. Thus, the distinction between fine and coarse fractions is of fundamental
importance to any discussion of aerosol physics, chemistry, measurement, or acrosel air quality

standards.

Whitby’s (1978) conclusions were based on extensive studies of size distributions in a
number of western and midwestern locations during the 1970s (Whitby et al., 1974; Willeke
and Whitby, 1975; Whitby, 1978; Wilson et al., 1977; Whitby and Sverdrup, 1980).

No size-distribution studies of similar scope have been published since then. Newer results
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Figure 2-3. Size distribution by volume (a) for the averaged rural and urban-influenced
rural number distributions shown in Figure 2-2a and a distribution from
south central New Mexico, and (b) for the averaged urban and freeway-
influenced urban number distributions shown in Figure 2-2a.

Source: Whithy and Sverdrup (1980); Kim et al. (1993) south central New Mexico.

from particle counting and impactor techniques, including data from Europe (U.S.
Environmental Protection Agency, 1996a) and Australia (Keywood et al., 1999, 2000), show

—

similar results for the accumulation and coarse modes. Extensive measurements of particle size
distributions, as part of EPA’s Supersites program, are providing much new data for analysis.
Whitby’s (1978) conclusions have held up remarkably well. However, ideas about the
sub-0.1 um diameter range have changed somewhat as newer instruments provided
~ measurements extending to smaller sizes and with greater resolution in size and time (McMurry

et al., 2000). Depending on the source, temperature, saturated vapor pressure of the components,

Rl R e =T T VE I

and the age of the aerosol, size distributions have been observed with peaks (including multiple

peaks) throughout the sub-0.1 pm diameter size range. Sub-0.1 pm diameter peaks have been

—
L}
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Figure 2-4. Volume size distribution, measured in traffic, showing fine and coarse
particles and the nuclei and accumulation modes of fine particles. DGV
(geometric mean diameter by volume, equivalent to volume median diameter)
and o, (geometric standard deviation) are shown for each mode. Also shown
are transformation and growth mechanisms (e.g., nucleation, condensation,
and coagulation).

Source: Adapted from Wilson and Suh (1997).

observed in rural areas (0’Dowd, 2002) as well as for brief periods (nucleation bursts) in urban
areas (Woo et al., 2001a). Based on these and other observations, discussed in detail in

Section 2.1.2.3, aerosol scientists now classify particles in the sub-0.1 pm size range as ultrafine
particles and divide this size range into a nucleation region (< 10 nm) and an Aitkin (nuclei)
region (10-100 nm), as shown in Figure 2-5. Other studies, discussed in detail in the 1996 PM
AQCD (U.S. Environmental Protection Agency, 1996a), have shown that in fog or clouds or at
very high relative humidities the accumulation mode may split into a larger size (more

hygroscopic or droplet) submode and a smaller size (less hygroscopic or condensation) submode.
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Figure 2-5. Submicron number size distribution observed in a boreal forest in Finland
showing the tri-modal structure of fine particles. The total particle number
concentration was 1011 particles/cm’ (10 minute average).

Source: Mikeli et al. (1997).

Definitions of Particle Size Fractions

In the preceding discussion several subdivisions of the aerosol size distribution were
identified. Aerosol scientists use three different approaches or conventions in the classification
of particles by size: (1) modes, based on the observed size distributions and formation
mechanisms; (2) cut point, usually based on the 50% cut point of the specific sanipling device,
including legally specified, regulatory sizes for air quality standards; and (3) dosimetry or
occupational health sizes, based on the entrance into various compartments of the respiratory

system.

Modal. The modal classification as first proposed by Whitby (1978) is shown in
Figures 2-1 and 2-4. New modes introduced since 1978 are shown in Figure 2-5. The
nucleation and Aitkin modes are best observed in the number distribution. However, the Aitkin
mode can be seen in the volume distribution in traffic or near traffic or other sources of ultrafine

particles (Figures 2-3b and 2-4). The observed modal structure is frequently approximated by
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several log-normal distributions. Definitions of terms used to describe size distributions in

modal terms are given below.

Nucleation Mode: Freshly formed particles with diameters below 10 nm, observed during
active nucleation events. The lower limit, where particles and large molecules overlap, is

uncertain. Current techniques limit measurements to particles 3 nm or greater.

Aitkin Mode: Larger particles with diameters between 10 and 100 nm. The Aitken mode
may result from growth of smaller particles or nucleation from higher concentrations of
precursors. Nucleation and Aitkin nuclei modes are normally observed in the number

distribution,

Accumulation Mode: Particles with diameters from about 0.1 pum to just above the
minimum in the mass or volume distributions which usually occurs between 1 and 3 pm.
Accumulation-mode particles normally do not grow into the coarse mode. Nucleation-
mode and Aitkin-mode particles grow by coagulation (two particles combining to form
one) or by condensation (low-equilibrium vapor pressure gas molecules condensing on a

particle) and “accumulate” in this size range.

Coarse Mode or Coarse Particles: Particles with diameters mostly greater than the
minimum in the particle mass or volume distributions, which generally occurs between
1 and 3 pm. These particles are usually formed by mechanical breakup of larger particles

or bulk material.

Fine Particles: Fine particles include the nucleation, Aitkin, and accumulation modes, i.e.,
particles from the lowest measurable size, currently about 3 nm, to just above the minimum
in the mass or volume distribution which generally occurs between 1 and 3 um. These

particles are generated during combustion or formed from gases.

Ultrafine Particles: That portion of fine particles with diameters below about 0.1 pum

(100 nm), i.e., the Aitkin and nucleation modes.

June 2003 DRAFT-DO NOT QUOTE OR CITE




=T - TS B~ S V R L A

U TR SR N TN O T 5 S G SR 5 T NG S N S N B (R I e e e B e e
'—‘Q\QOO‘-JQ\M-P-WMHO\DQO‘-JC\M#WNHO

Modes are defined primarily in terms of their formation mechanisms but also differ in
terms of sources, composition, age, and size. Nucleation mode applies to newly formed particles
which have had little chance to grow by condensation or coagulation. Aitkin mode particies are
also recently‘formed particles that are still actively undergoing coagulation. However, because
of higher concentrations of precursors or more time for condensation and coagulation, the
particles have grown to larger sizes. Accumulation mode applies to the final stage as particles,
originally formed as nuclei, grow to a point where growth slows down. These three modes,
which together are called fine particles, are formed primarily by combustion or chemical
reactions of gases yielding products with low saturated vapor pressures. F ine particles include
metals and elemental and organic carbon (primary PM) and sulfate, nitrate, ammonium ions, and
organic compounds (secondary PM).

The coarse mode refers to particles formed by mechanical breakdown of minerals, crustal
material, and organic debris. The composition includes primary minerals and organic material.
The accumulation mode and the coarse mode overlap in the region between 1 and 3 pm (and
occasionally over an even larger range). In this region, chemical composition of individual
particles can usually, but not always, allow identification of a source or formation mechanism

and so permit identification of a particle as belonging to the accumnulation or coarse mode.

Sampler Cut Point. Another set of definitions of particle size fractions arises from
considerations of size-selective sampling. Size-selective sampling refers to the collection of
particles below or within a specified aerodynamic size range. Size fractions are usually specified
by the 50% cut point size; e.g., PM, 5 refers to particles collected by a sampling device that
collects 50% of 2.5 um particles and rejects 50% of 2.5 pm particles. However, size fractions
are defined, not merely by the 50% cut point, but by the entire penetration curve. Examples of
penetration curves are given in Figure 2-6. Thus, as shown by Figure 2-6, a PM, ; sampler, as
defined by the Federal Reference Method, rejects 94% of 3 um particles, 50% of 2.5 um
particles, and 16% of 2 pm. Samplers with the same 50% cut point but differently shaped
penetration curves would collect different fractions of PM. Size-selective sampling has arisen in
an effort to measure particle size fractions with some special significance (e.g., health, visibility,
source apportionment, etc.), to measure mass size distributions, or to collect size-segregated

particles for chemical analysis. Dichotomous samplers split the particles into smaller and larger

June 2003 2-14 DRAFT-DO NOT QUOTE OR CITE




e =1 N W B W b e

[EE O —
—_— D

Particle Penetration Through Inlet (%)

4 10 20 50 100

Aerodynamic Diameter (pm})

Figure 2-6. Specified particle penetration (size-cut curves) through an ideal (no-particle-
loss) inlet for five different size-selective sampling criteria. Regulatory size
cuts are defined in the Code of Federal Regulations; PM, ; (2001c), PM,,
(2001a). PM, is also defined in the Federal Register (1997). Size-cut curves
for inhalable particulate matter (IPM), thoracic particulate matter (TPM) and
respirable particulate matter (RPM) size cuts are computed from definitions
given by American Conference of Governmental and Industrial Hygienists
(1994).

fractions that may be collected on separate filters. However, some fine particles (= 10%) are
collected with the coarse particle fraction. Cascade impactors use multiple size cuts to obtain a
distribution of size cuts for mass or chemical composition measurements. One-filter samplers
with a variety of upper size cuts are also used, e.g., PM, 5, PM,,.

Regulatory size cuts are a specific example of size-selective sampling. In 1987, the
NAAQS for PM were revised to use PM,,, rather than total suspended particulate matter (TSP),
as the indicator for the NAAQS for PM (Federal Register, 1987). The use of PM,, as an
indicator is an example of size-selective sampling based on a regulatory size cut (Federal
Register, 1987). The selection of PM,, as an indicator was based on health considerations and
was intended to focus regulatory concern on those particles small énough to enter the thoracic

region of the human respiratory tract. The PM, ; standard set in 1997 is also an example of
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size-selective sampling based on a regulatory size cut (Federal Register, 1997). The PM,
standard was based primarily on epidemiologic studies using concentrations measured with
PM, ; samplers as an exposure index. However, the PM, ; sampler was not designed to collect all
respirable particles; it was designed to collect fine particles because of their different sources and
properties (Whitby et al., 1974). Thus, the need to attain a PM, , standard will tend to focus
regulatory concern on control of sources of fine particles.

Prior to 1987, the indicator for the NAAQS for PM was TSP. TSP is defined by the design
of the High Volume Sampler (hivol) that collects all of the fine particles but only part of the
coarse particles (Figure 2-7). The upper cut-off size of the hivol depends on the wind speed and
direction and may vary from 25 to 40 um. The Wide Range Aerosol Classifier (WRAC) was
designed specifically to collect the entire coarse mode using an impaction system designed by

Lundgren to collect particles up to 100 um in diameter {(Lundgren and Burton, 1995).

Accumuiation Mode Coarse Mode

AMASS/A logDp(pm’/m’”)

2
Particle Diametsr, Dp (1)

+———— Total Suspended Particles (TSP} ——>

D PMyo »
* PM, ;(‘f PMygps

Figure 2-7. An idealized distribution of ambient particulate matter showing fine-mode
particles and coarse-mode particles and the fractions collected by size-selective
samplers. (WRAC is the Wide Range Aerosol Classifier which collects the
entire coarse mode [Lundgren and Burton, 1995].)

Source: Adapted from Wilson and Suh (1997) and Whitby (1978).
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An idealized distribution with the normally observed division of ambient aerosols into
fine-mode particles and coarse-mode particles and the size fractions collected by the WRAC,
TSP, PM,, PM, 5 and PM,., s samplers is shown in Figure 2-7. PM,, samplers, as defined in
Appendix J to Title 40 Code of Federal Regulations (40 CFR) Part 50 (Code of Federal
Regulations, 2001a; Federal Register, 1987), collect all of the fine-mode particles and part of the
coarse-mode particles. The upper cut point is defined as having a 50% collection efficiency at
10+ 0.5 pm aerodynamic diameter. The slope of the collection efficiency curve is defined in
amendments to 40 CFR, Part 53, (Code of Federal Regulations, 2001b). An example of a PM;,
size-cut curve is shown in Figure 2-6. _

An example of a PM, ; size-cut curve is-also shown in Figure 2-6. The PM, ; size-cut
curve, however, is defined by the design of the Federal Reference Method (FRM) Sampler. The
basic design of the FRM sampler is given in the Federal Register (1997, 1998) and as 40 CFR
Part 50, Appendix L (Code of Federal Regulations, 2001¢c). Additional performance
specifications are given in 40 CFR Parts 53 and 58 (Code of Federal Regulations, 2001b,d).

Int order to be used for measurement of PM, 5 to determine compliance with the PM, ; NAAQS,
each specific sampler design and its associated manual of operational procedures must be
designated as a reference method under 40 CFR Part 53 in Section 1.2 of Appendix L (Code of
Federal Regulations, 2001c). Thus PM, ; FRM samplers may have somewhat different designs
(see Table 2-4 in Section 2.2.4.1.2).

Papers discussing PM,, or PM, ; frequently insert an explanation such as “PM, (particles
less than x pm diameter)” or “PM, (nominally, particles with aerodynamic diameter < x um).”
While these explanations may seem easier than “PMy, (particles collected with an upper 50% cut
point of x um aerodynamic diameter and a specified penetration curve),” they are not entirely
correct and may be misleading since they suggest an upper 100% cut point of X pym. Some
countries use PM;, to refer not to samplers with a 50% cut at 10 pm D, but to samplers with
100% rejection of all particles greater than 10 um D,. Such samp'lers miss a fraction of coarse
thoracic PM. An example is shown in Figure 2-8.

PM,, as defined by EPA, refers to particles collected by a sampler with an upper 50% cut
point of 10 um D, and a specific, fairly sharp, penetration curve. PM, ; is analogously defined.
Although there is not yet an FRM, PM,, ; refers either to particles collected by a sampler with
an upper 50% cut point of 10 pm D, and a lower 50% cut point of 2.5 um D, or to the difference
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Figure 2-8. Comparison of penetration curves for two PM,, beta gauge samplers using
cyclone inlets. The Wedding PM,, sampler uses the U.S. EPA definition of
PM, as x = 50% cut point. The Kimoto PM,, defines PM, as x = the 100% cut
point (or zero penetration).

Source: Tsai and Cheng (1996).

between the particle concentration measured by a PM,, monitor and a PM, ; monitor. In all
cases, the fraction of PM collected depends on the entire penetration curve (or curves); i.e., for
PM, ; some particles > 2.5 pm D, are collected and not all particles < 2.5 pm D, are collected.

In an analysis reported in 1979, EPA scientists endorsed the need to measure fine and
coarse particles separately (Miller et al., 1979). Based on the availability of a dichotomous
sampler with a separation size of 2.5 pm D, they recommended 2.5 pm D, as the cut point
between fine and coarse particles. Because of the wide use of this cut point, the PM, ; fraction is

frequently referred to as “fine” particles. However, although the PM, 5 sample will usually

1
2
3
4
5
6
7
8
9

contain all of the fine particles, it may collect a small fraction of the coarse particles, especially

[
[}

in dry areas or during dry conditions. A PM,,; size fraction may be obtained from a

ok
—_

dichotomous sampler or by subtracting the mass collected by a PM, ; sampler from the mass

—
]

collected by a PM,, sampler. The resulting PM,,, ; mass, or PM,,, 5, is sometimes called

—
LF V)

“coarse” particles. However, it would be more correct to call PM, ; an indicator of fine particles
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(because it contains some coarse particles) and PMjq, 5 an indicator of the thoracic component of
coarse particles (because it excludes some coarse particles below 2.5 um D, and above 10 pum
D,). 1t would be appropriate to call PM,, an indicator of thoracic particles. PM,, and thoracic
PM, as shown in Figure 2-6, have the.same 50% cut point. However, the thoracic cut is not as
sharp as the PM,, cut; therefore, thoracic PM contains some particles between 10 and 30 um
diameter that are excluded from PM,,.

Over the years, the terms fine and coarse, as applied to particles, have lost the precise
meaning given in Whitby’s (1978) definition. In any given article, therefore, the meaning of fine
and coarse, unless defined, must be inferred from the author’s usage. In this document, fine
particles means all particles in the nucleation, Aitken, and accumulation modes; and coarse
particles means all particles in the coarse mode. PM, . and fine particles are not equivalent

terms.

Occupational Health or Dosimetric Size Cuts. The occupational health community has
defined size fractions in terms of their entrance into various compartmchté of the respiratory
system. This convention classifies particles into inhalable, thoracic, and respirable patticles
according to their upper size cuts. Inhalable particles enter the respiratory tract, including the
head airways. Thoracic particles travel past the larynx and reach the lung airways and the
gas-exchange regions of the lung. Respirable particies are a subset of thoracic particles that are
more likely to reach the gas-exchange region of the lung. In the past, exact definitions of these
terms have varied among organizations. As of 1993, a unified set of definitions was adopted by
the American Conference of Governmental Industrial Hygienists (ACGIH, 1994), the

International Standards Organization (1S0), and the European Standardization Committee

(CEN). The curves which define inhalable (IPM), thoracic (TPM), and respirable (RPM)

particulate matter are shown in Figure 2-6. These curves should not be taken to indicate that
particles >4 pm D, do not reach the gas exchange regions or that particles <4 pm D, do not
deposit in the bronchi. See Figure 6-13 for a graphical characterization of particle deposition in

regions of the respiratory system as a function of particle size.
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2.1.2.3 Ultrafine Particles

As discussed in Chapter 7 (Toxicology of Particulate Matter in Humans and Laboratory
Animals) and in Chapter 8 (Epidemiology of Human Health Effects Associated with Ambient
Particulate Matter), some scientists argue that ultrafine particles may pose potential health
problems and that some health effects may be associated with particle number or particle surface
area as well as or more closely than with particle mass. Some additional attention will be given
to ultrafine particles because they contribute the major portion of particle number and a

significant portion of particle surface area.

Formation and Growth of Fine Particles

Several processes influence the formation and growth of particles. New particles may be
formed by nucleation from gas phase material. Particles may grow by condensation as gas phase
material condenses on existing particles; and particles also may grow by coagulation as two
particles combine to form one. Gas phase material condenses preferentially on smaller particles,
and the rate constant for coagulation of two particles decreases as the particle size increases.
Therefore, ultrafine particles grow into the accumulation mode; but accumulation-mode particles
do not normally grow into the coarse mode (see Figure 2-4). More information and references
on formation and growth of fine particles can be found in the 1996 AQCDPM (U.S.
Environmental Protection Agency, 1996a).

Equilibrium Vapor Pressures

An important parameter in particle nucleation and in particle growth by condensation is the
saturation ratio, S, defined as the ratio of the partial pressure of a species, p, to its equilibrium
vapor pressure above a flat surface at a specified temperature, p,: S = p/p,. For either
condensation or nucleation to occur, the species vapor pressure must exceed its equilibrium
vapor pressure. For particles, the equilibrium vapor pressure is not the same as p,. Two effects
are important: (1) the Kelvin effect, which is an increase in the equilibrium vapor pressure
above the surface due to its curvature (very smail particles have higher vapor pressures and will
not be stable to evaporation until they attain a critical size) and (2) the solute effect, which is a
decrease in the equilibrium vapor pressure of the liquid due to the presence of other compounds

in solution. Organic compounds may also be adsorbed on ultrafine carbonaceous particles.
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For an aqueous solution of a nonvolatile salt, the presence of the salt decreases the
equilibrium vapor pressure of the water over the droplet. This effect is. in the opposite direction
of the Kelvin effect, which increases the equilibrium vapor pressure above a droplet because of

its curvature. The existence of an aqueous solution will also influence the vapor pressure of

water-soluble species. The vapor pressure behavior of mixtures of several liquids or of liquids

containing several solutes is complex.

New Particle Formation

When the vapor concentration of a species exceeds its equilibrium concentration
(expressed as its equilibrium vapor pressure), it is considered condensable. Condensable species
can either condense on the surface of existing particles or can nucleate to form new particles.
The relative importance of nucleation versus condensation depends on the rate of formation of
the condensable species and on the surface or cross-sectional area of existing particles (McMurry
and Friedlander, 1979). In ambient urban environments, the available particle surface area is
usually sufficient to rapidly scavenge the newly formed condensable species. Formation of new,
ultrafine particles is usually not observable in mass or volume distributions except near sources
of condensable species. Wilson et al. (1977) report observations of the Aitkin nuclei mode in
traffic. However, bursts of new particle formation can be observed in urban areas in the number
distribution (Woo et al., 2001a; McMurray et al., 2000). New particle formation also can be
observed in cleaner, remote regib'ns. Bursts of new particle formation in the atmosphere under
clean conditions usually occur when acrosol surface area concentrations are low (Covert et al.,
1992). High concentrations of nuclei mode particles have been observed in regions with low
particle mass concentrations indicating that new particle formation is inversely related to the

available aerosol surface area (Clarke, 1992).

Sources of Ultrafine Particles

Ultrafine particles are the result of nucleation of gas phase species to form condensed
phase species with very low equilibrium vapor pressure. In the atmosphere there are four major
classes of substances that yield particulate matter with equilibrium vapor pressures low enough

to form nuclei mode particles:
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Particles containing heavy metals. Nuclei mode particles of metal oxides or other metal
compounds are generated when metallic impurities in coal or oil are vaporized during
combustion and the vapor undergoes nucleation. Metallic ultrafine particles also may be

formed from metals in lubricating oil or fuel additives that are vaporized during

combustion of gasoline or diesel fuels. Ultrafine metallic particles were discussed in

Section 6.9 of the 1996 PM AQCD (U.S. Environmental Protection Agency, 1996a).

Elemental carbon or soot (EC). EC particles are formed primarily by condensation of C,
molecules generated during the combustion process. Because EC has a very low
equilibrium vapor pressure, ultrafine EC particles can nucleate even at high temperatures
(Kittelson, 1998; Morawska et al., 1998).

Organic carbon (OC). Recent smog chamber studies and indoor experiments show that
atmospheric oxidation of certain organic compounds found in the atmosphere can
produce highly oxidized organic compounds with an equilibrium vapor pressure
sufficiently low to result in nucleation (Kamens et al., 1999; Weschler and Shields,

1999).

Sulfates. Sulfuric acid (H,S0,) molecules are generated in the atmosphere by conversion
of sulfur dioxide (80,) to H,SO,. As H,S0, is formed, it can either nucleate to form new
ultrafine particles, or it can condense on existing ultrafine or accumulation mode particles
(Clark and Whitby, 1975; Whitby, 1978). Nucleation theory allows calculation of
nucleation rates for both binary nucleation, involving water and sulfuric ac'id (Easter and
Peters, 1994) or ternary nucleation, which requires sulfuric acid, ammonia (NH;), and
water (Korhonen et al., 1999). Kulmala et al. (2000) compared nucleation rates of binary
and ternary nucleation and concluded that the ternary rate is 1,000 times the binary rate.
Results from an aerosol dynamics model with a ternary nucleation scheme indicate that
nucleation in the troposphere should be ubiquitous and yield a reservoir of
thermodynamically stable sulfate clusters 1-3 nm in diameter. The growth of these
clusters to a detectable size (> 3 nm diameter) is limited by the availability of
condensable vapor. Observations of atmospheric particle formation and growth from a

continental and a coastal site suggest that a growth process including ternary nucleation is
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responsible for the formation of cloud condensation nuclei. Nucleation processes in the

atmosphere may also involve organic compounds as well as sulfuric acid, ammonia, and

water. However, current formulations of nucleation theory only include the three

inorganic compbnents. (The possible formation of ultrafine NH,NO, by reaction of NH,

and nitric acid (HNO,) vapor has not been investigated.)

Vehicle engine exhaust may include all these substances. Ultrafine particles are observed

in the emissions from spark, diesel, and jet engines (Kittelson, 1998). In these cases it seems

likely that elemental carbon, organic compounds, ammonia and sulfuric acid from sulfur in the

fuel, as well as meta) additives in the fuel or fuel oil, may contribute to the formation of ultrafine

particles (Tobias et al., 2001). An example of particles from a diesel engine showing number

and volume distributions is given in Figure 2-9.

Normalized Concentration {dCICix.idiogDp)

Ultrafine Particles
Dp <100 nm

Nuclei
Mode

Mode

----------

0.001 0.01 0.1
Number Weighting — e

Figure 2-9. Typical engine exhaust size distribution.

Source: Kittelson (1998).

June 2003

2-23

DRAFT-DO NOT QUOTE OR CITE




Recent Measurements of Ultrafine Particles

Instruments, developed during the past decade, permit measurement of size distributions
down to 3 nm diameter particles. Use of these techniques have led to new information on the
formation of new particles by nucleation. Such measurements have been carried out during
intensive field measurement campaigns, during continuous measurements in urban areas in
several European cities, and in the U.S. as a part of the Supersite program (McMurry et al.,
2000; Woo et al., 2001a). Nucleation has been observed in the free troposphere (Weber et al.,
1999; Clarke, 1992; Schrider and Strom, 1997; Raes et al., 1997); in outflows of evaporating
convective clouds (Clarke et al., 1998; Hegg et al., 1990, 1991; Radke and Hobbs, 1991; Perry
and Hobbs, 1994); in the marine boundary layer (Covert et al., 1992; Hoppel et al., 1994; Van
Dingenen et al., 1995; Weber et al., 1998; Clarke et al., 1998); downwind of coastal regions
during low tide (McGovemn et al., 1996; McGovern, 1999); on mountains (Weber et al., 1995,
1997; Raes et al., 1997; Wiedensohler et al., 1997); over forests (MiKeli et al., 1997; Kulmala
et al., 1998; O’Dowd et al., 2002); downwind of certain biogenic emissions (Weber et al., 1998);
in urban areas (Birmili and Wiedensohler, 1998; McMurry et al., 2000; Woo et al., 2001a); near
freeways (Zhu et al., 2002a,b); in engine exhaust (Kittelson, 1998; Tobias et al., 2001); and in
homes (Wallace and Howard-Reed, 2002). Nucleation events in outdoor air almost always occur
during daylight, indicating that photochemistry plays a role in producing the gas phase
precursors of new particies.

The number size distributions observed over a boreal forest in Finland before and during
the initial stages of a nucleation event are shown in Figure 2-10. The Aitken and accumulation
modes can be seen clearly before the nucleation event. The nucleation mode, with a peak
between 3 and 7 nm, appears during the event. Figure 2-11 shows the variety of size
distributions that may be observed as nuclei are formed and grow, based on size distributions
measured in the Arctic marine boundary layer (Covert et al., 1996). These distributions all show
2 trimodal distribution within the fine particle size range. The changes in size distribution due to
coagulation (and dilution) immediately downwind of a freeway (Zhu et al., 2002b) are shown in
Figure 2-12(a)-(g). At 30 m downwind the nucleation mode is larger than the Aitken mode, but
by 60 m downwind coagulation has removed particles from the nucleation mode and added

particles to the Aitken mode so that the Aitken mode is larger than the nucleation mode.
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Figure 2-10. Number size distributions showing measurement of a nucleation burst made
in a boreal forest in Finland.

Source: O’Dowd et al. (2002).

There is strong evidence that sulfuric acid vapor often participates in nucleation. However,

condensation of sulfuric acid and its associated water and ammonium ions typically can account

for only 10% to 20% of the observed growth rates for freshly nucleated particles. Therefore,
organic compounds may account for much of the formation and growth of freshly nucleated
particles. Evidence of nucleation of organic particles comes from smog chamber studies .
(Kamens et al., 1999) and from field studies over forests (M&Keli et al., 1997; Kulmala et al.,
1998; O’Dowd et al., 2002). Nucleation of organic particles may also occur indoors due to the
reaction of infiltrated ozone with indoor terpenes from air fresheners or cleaning solutions
(Weschler and Shields, 1999). The observation of bursts of nuclei-mode particles in Atlanta
(Woo et al., 2001a), perhaps due to unusually high rates of production of condensable species,
suggests that high concentrations of ultrafine particles may be a normal occurrence in polluted

urban areas.

Concentration of Ultrafine Particles: A Balance Between Formation and Removal
Nuclei-mode particles may be removed by dry deposition or by growth into the
accumulation mode. This growth takes place as other low vapor pressure material condenses on

the particles or as nuclei-mode particles coagulate with themselves or with accumulation mode
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Figure 2-11. Examples of the measured one hour average particle number size
distributions and the log normal fits to the modes of the data. Squares are
measured data, solid lines are the fitted log normal modes determined by
DistFit™., These modes, nucleation between 3 and 20 nm, Aitken between
20 and 100 nm, and accumulation above 100 nm can be observed in most

examples.

Source: Covert et al. (1996).

particles. Because the rate of coagulation would vary with the concentration of accumnulation-

mode particles, it might be expected that the concentration of nuclei-mode particles would

increase with a decrease in accumulation-mode mass. On the other hand, the concentration of

particles would be expected to decrease with a decrease in the rate of generation of particles by

reduction in emissions of metal and carbon particles or a decrease in the rate of generation of

H,SO, or condensable organic Vapor. The rate of generation of H,SO, depends on the

June 2003

2-26

DRAFT-DO NOT QUOTE OR CITE




2.0e45 1.2645
| a . | b
Hg=27 3nm
Hg=12.6nm Tg=1.64 1.0e+5k Hy=40.1nm
~ 15045 Og=137 g * ~ 4 S
2 [ / “ : /0,-1.52
£ £ 8,0e+d|- .
§ s Hg=15.70m ¢
~ = O =1.37
o 1.0e+5) O 80e+i| g \
(=1 o
i) °
% ; 4.0e+a|
T 5.0etdl- o
L3
2.0e+4}- -
30m 60m >
o5 Down N i 00 Down
1 10 160 1 10 100
Parlicle Diameter {nm) Particle Diameter (nm)
12e+5 6.08+4
H=38.8nm Le Ld
1.0e+5} Ty=1.28 \ 5.0e+4f Hg=41.3nm
e < o1 Ny &
£ 8.0e+d|- i E 4.00+4L ¢
£ £
3 8
o B8.0exd]- f. o 3.0e+4l
=3 F 4
L) - L)
K= k=]
'%-. 4.0e44}. ‘.. ‘g 2.0a+4}-
".k’ o
2.0e+d} X 4 1,0e+4} G
20m 150m bl X
o0 [Down , i oo LDowR ,
1 10 100 1 10 . 100
Particle Diameter (nm) Particle Diameter (nm}
De+d e
1 I o 1.0 l T
*
B.0e+3 H ‘=15.4nm 8.08+
o [ . Og=1.56 I~ Hg>t4.7nm
E . 3 O =1.71
5 Hg=203nm oo 5 o S
‘g 6.0e+3] O'g=1.62 \ * E 6.0e+3 .
L ]
% | . % Hg=14.6nm
§ 4.044+3 E 4.0e+3] O"=2.23 \ . .
"
% % b ““’..’
2.0e+31- 2.0e+3 ...go‘...
300m 300m . *
oo [Down . oo L UP o, X
1 . 100 - 1 10 100
Particie Dlamater {nm) Particie Diameter (nm)

Figure 2-12(a-f). Fitted multi-model particle size distribution at different sampling
distances from freeway 405 (a) 30 m downwind, (b) 60 m downwind,
(c) 90 m downwind, (d) 150 m downwind, (e) 300 m downwind, (f) 300 m
upwind. Size distributions were normalized to the control CPC’s
reading. Note different scales for dN/d log D, axis. Modal parameters
given are: geometric mean diameter, B,; and geometric standard
_deviation, ,.

Source: Zhu et al. (2002b).
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Figure 2-12(g). (Combination of a-e with dN/d logD, scale.) Ultrafine particle size
distribution at different sampling locations near the 405 freeway in
Los Angeles, CA.

Source: Zhu et al. (2002b).

concentration of SO, and hydroxy! radical (+OH), which is generated primarily by reactions
involving ozone (O;). Thus, reductions in SO, and O, would lead to a decrease in the rate of

generation of H,SO, and condensable organic vapor and to a decrease in the concentration of

" nuclei-mode particles. The balance between formation and removal is uncertain. However,

these processes can be modeled using a generat dynamic equation for particle size distribution
(Friedlander, 2000) or by aerosol dynamics modules in newer air quality models (Binkowski and

Shanker, 1995; Binkowski and Ching, 1995).

2.1.3 Chemistry of Atmospheric Particulate Matter

The major constituents of atmospheric PM are sulfate, nitrate, ammonium, and hydrogen
ions: particle-bound water; elemental carbon; a great variety of organic compounds; and crustal
material. Atmospheric PM also contains a large number of elements in various compounds and
concentrations. More information and references on the composition of PM measured in a large

number of studies in the United States, may be found in 1996 PM AQCD (U.S. Environmental
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Protection Agency, 1996a). In this document, the composition and concentrations of PM are
discussed in Chapter 3, Section 3.1, Patterns and Trends in Ambient PM, ; Concentrations and
ambient data for concentrations and composition of PM, ; are given in Appendices 3A, 3B,

and 3C.

2.1.3.1 Chemical Composition and Its Dependence on Particle Size

Studies conducted in most parts of the United States indicatc that sulfate, ammonium, and
hydrogen ions; elemental carbon, secondary organic compounds and primary organic species
from cooking and combustion; and certain transition metals are found predominantly in the fine
particle mode. Crustal materials such as calcium, aluminum, silicon, magnesium, and iron are
found predominately in the coarse particles. Some primary organic métcrials such as pollen,
spores, and plant and animal debris are also found predominantly in the coarse mode. Some
components such as potassium and nitrate may be found in both the fine and coarse particle
modes but from different soﬁrces or mechanisms. Potassium in coarse particles comes from soil.
Potassium also is found in fine particles in emissions from burning wood or cooking meat.
Nitrate in fine particles comes primarily from the reaction of gas-phase nitric acid with gas-
phase ammonia to form particulate ammonium nitrate. Nitrate in coarse particles comes

primarily from the reaction of gas-phase nitric acid with preexisting coarse particies.

2.1.3.2 Primary and Secondary Particulate Matter

Particulate material can be primary or secondary. PM is called “primary” if it is in the
same chemical form in which it was emitted into the atmosphere. PM is called “secondary” if it
is formed by chemical reactions in the atmosphere. Primary coarse particles are usually formed
by mechanical processes. This includes material emitted in particulate form such as wind-blown
dust, sea salt, road dust, and combustion-generated particles such as fly ash and soot. Primary
fine particles are emitted from sources either directly as particles or as vapors that rapidly

condense to form ultrafine or nuclei-mode particles. This includes soot from diesel engines,

-a great variety of organic compounds condensed from incomplete combustion or cooking, and

compounds of As, Se, Zn, etc., that condense from vapor formed during combustion or smelting.
The concentration of primary particles depends on their emission rate, transport and dispersion,

and removal rate from the atmosphere.
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Secondary PM is formed by chemical reactions of free, adsorbed, or dissolved gases. Most
secondary fine PM is formed from condensable vapors generated by chemical reactions of
gas-phase precursors. Secondary formation processes can result in either the formation of new
particles or the addition of particulate material to pre-existing particles. Most of the sulfate and
nitrate and a portion of the organic compounds in atmospheric particles are formed by chemical
reactions in the atmosphere. Secondary aerosol formation depends on numerous factors
including the concentrations of precursors; the concentrations of other gaseous reactive species
such as ozone, hydroxyl radical, peroxy radicals, or hydrogen peroxide; atmospheric conditions

including solar radiation and relative humidity (RH); and the interactions of precursors and

pre-existing particles within cloud or fog droplets or in the liquid film on solid particles. Asa

result, it is considerably more difficult to relate ambient concentrations of secondary species to
sources of precursor emissions than it is to identify the sources of primary particles.

A significant effort is currently being directed toward the identification and modeling of organic
products of photochemical smog including the conversion of gases to particulate matter. More
information of the transformation of precursor gases into secondary PM is given in Chapter 3,
Section 3.3.1, Chemistry of Secondary PM Formation.

Particle strong acidity is due almost entirely to H,SO, or NH,HSO,. Thus, the acidity of
atmospheric particles depends on both the amount of SO, that is oxidized to SO; and
subsequently forms H,SO, and the amount of ammonia available to react with the sulfuric acid.
Nitric acid is more volatile than sulfuric acid. Thus, if gas phase SO, or sulfuric acid or particles
containing H,S0, or NH,HSO, contact particles containing NH,NO,, nitric acid gas will be
released with the remaining ammoniz contributing to further neutralization of the acid. Little
NH,NO, is found in atmospheres containing significant particle strong acidity. However, as 50,
emissions are reduced to the point that there is more than enough ammonia to neutralize the
sulfuric acid, NH,NO, particles will begin to form. Thus, ammonia emissions and
concentrations relative to those of SO, and H,SO, are important in determining the strong acidity
in the atmosphere and the concentration of particulate NH,NO. Therefore, once SO, emissions
have been reduced to the point that ammonia and sulfate are in balance to form (NH,),SO,,
further reductions in SO, will not result in an equivalent reduction in airborne PM because one

(NH,),S0, unit will be replaced by two NH,NO; units.
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- equilibrium in the atmosphere, neither the equilibria nor the kinetics of redistribution are well

2.1.3.3 Particle-Vapor Partitioning

Several atmospheric aerosol species, such as ammonium nitrate and certain organic
compounds, are semivolatile and are found in both gas and particle phases. A variety of
thermodynamic models have been developed to predict the temperature and relative humidity

dependence of the ammonium nitrate equilibria with gaseous nitric acid and ammonia,

However, under some atmospheric conditions, such as co0l, cold, or very clean air, the relative

concentrations of the gas and solid phases are not accurately predicted by equilibrium
considerations alone, and transport kinetics can be important. The gas-patticle distribution of
semivolatile organic compounds depends on the equilibrium vapor pressure of the compound,
total particle surface area, particle composition, atmospheric temperature, and relative humidity.

Although it generally is assumed that the gas-particle partitioning of semivolatile organics is in

understood. Diurnal temperature fluctuations cause gas-partiéle partitioning to be dynamic on a
time scale of a few hours and can cause semivolatile compounds to evaporate during the
sampling process. The pressure drop across the filter can also contribute to the loss of
semivolatile compounds. The dynamic changes in gas-particle partitioning caused by changes in
temperature, pressure, and gas-phase concentration, both in the atmosphere and after collection,
cause serious sampling problems that are discussed in Section 2.2.3, Measurement of

Semivolatile Particulate Matter.,

Equilibria with Water Vapor

As a result of the equilibrium of water vapor with liquid water in hygroscopic particles,
many ambient particles contain liquid water (particle-bound water). Unless removed, this
particle-bound water will be measured as a component of the particle mass. Particle-bound
water is important in that it influences the size of the particles, and in turn, their light scattering
properties and their acrodynamic properties, which are important for deposition to surfaces, to
airways following inhalation, and in sampling instrumentation. The aqueous solution provides a
medium for reactions of dissolved gases including reactions that do not take place in the gas
phase. The aqueous solutions also may act as a carrier to convey soluble toxic species to the
gas-exchange regions of the respiratory system, including species that would be removed by

deposition in the upper airways if the particles had remained in the gas phase (Friedlander and
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Yeh, 1998; Kao and Friedlander, 1995; Wilson, 1995). An extensive review of equilibrium with

water vapor as it pertains to ambient acrosols was given in Chapter 3 of the 1996 PM AQCD
(U.S. Environmenfal Protection, Agency, 1996a).

The interaction of particles with water vapor may be described briefly as follows.

As relative humidity increases, particles of crystalline soluble salts, such as (NH,),80,,
NH,HSO,, or NH,NO,, undergo a phase transition to become aqueous solution particles.
According to the phase rule, for particles consisting of a single component, this phase transition
is abrupt, taking place at a relative humidity that corresponds to the vapor pressure of water
above the saturated solution (the deliquescence point). With a further increase in relative
humidity, the solution particle adds water (and the concentration of the solute decreases) sb that
the vapor pressure of the solution is maintained equal to that of the surrounding relative
humidity; thus, the solution particle tends to follow the equilibrium growth curve. As relative
humidity decreases, the solution particle follows the equilibrium curve to the deliquescence
point. However, rather than crystallizing at the deliquescence relative humidity, the solute
remains dissolved in a supersaturated solution to considerably lower relative humidities.
Ultimately the solution particle abruptly loses its water vapor (efflorescence) and typically
returns to the initial crystalline form.

For particles consisting of more than one component, the solid to liquid transition will take
place over a range of relative humidities with an abrupt onset at the lowest deliquescence point
of the several component's and with subsequent growth as crystalline material in the particle
dissolves according to the phase diagram for the particular multicomponent system. Under such
circumstances, a single particle may undergo several more or less abrupt phase transitions until
the soluble material is fully dissolved. At decreasing relative humidity, such particles tend to
remain in solution to relative humidities well below the several deliquescence points. In the case
of the sulfuric acid-ammonium sulfate-water system, the phase diagram is fairly well
understood. For particles of composition intermediate between NH,HSO, and (NH,),80,, this
transition occurs in the range from 40% to below 10%, indicating that for certain compositions
the solution cannot be dried in the atmosphere. At low relative humidities, particles of this
composition would likely be present in the atmosphere as supersaturated solution droplets (liquid
particles) rather than as solid particles. Thus, they would exhibit hygroscopic rather than

deliquescent behavior during relative humidity cycles.
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Other pure compounds, such as sulfuric acid, are hygroscopic (i.e., they form aqueous
solutions at any relative humidity and maintain a solution vapor pressure over the entire range of
relative humidity). Soluble organic compounds may also contribute to the hygroscopicity of the
atmospheric aerosol (Saxena et al., 1993; Saxena and Hildeman, 1996), but the equilibria
involving organic compounds and water vapor, and, eépecially for mixtures of salts, organic
compounds, and water, are not so well understood. These equilibrium processes mély cause an
ambient particle to significantly increase its diameter at relative humidities above about 40%

(F igure 2-13). A particle can grow to five times its dry diameter as the RH approaches 100%
(Figure 2-14). The Federal Reference Methods, for filter measurements of PM, ; and PM,, mass,
require equilibration at a specified, low relative humidity after collection (for PM, , between

30 and 40% RH with control of +5% RH [Code of Federal Regulations, 2001a]). This
equilibraﬁon removes much of the particle-bound water and provides a relatively stable PM
mass for gravimetric measurements (see Section 2.2 for details and references). Otherwise,
particle mass would be a function of relative humidity, and the particle mass would be largely
particle-bound water at higher relative humidities. However, some particle-bound water may be
retained even after equilibration. Recent studies have shown that significant amdunts of particle-
bound water are retained in particles collected on impaction surfaces even after equilibration and
that the amount of retained particle-bound water increases with relative humidity during
collection (Hitzenberger et al., 1997).

The retention of particle-bound water is a greater problem for continuous monitors that
measure changes in mass collected on a filter over long sampling times. If particle-bound water
is not removed, changes in relative humidity would cause changes in the mass of PM collected
over previous hours or days. These changes could be much greater than amount of PM mass
added in one hour. Therefore, continuous monitoring techniques generally attempt to remove
particle-bound water before measurement either by heating or dehumidification. However, other
semivolatile materials (e.g., ammonium nitrate and organic compounds) that may be partially
lost during sampling or equilibration of an unheated filter are certainly lost when the collected
sample is heated above ambient temperature. These changes in particle size with relative
humidity also mean that particle measurements such as surface area or volume, or composition |

as a function of size, should be made at the same RH in order for the results are to be
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Figure 2-13. Particle growth curves showing fully reversible hygroscopic growth of
sulfuric acid (H,SO,) particles, deliquescent growth of ammonium sulfate
[(NH,), SO,] particles at the deliquescent point (A, about 80% relative
humidity [RH]), reversible hygroscopic growth of ammonium sulfate
solution droplets at RH greater than 80%, and hysteresis (the droplet
remains supersaturated as the RH decreases below 80%) until the
crystallization point (B, about 38% RH) is reached (adapted from National
Research Council, 1993 and Tang, 1980).

Source: National Research Council {1993) adapted from Tang (1980).

comparable. These problems are addressed in more detail in Section 2.2, Measurement of
Particulate Matter. _
2.1.3.4 Atmospheric Lifetimes and Removal Processes

The lifetimes of particles vary with size. Nuclei-mode particles rapidly grow into the
accumulation mode. However, the accumulation mode does not grow into the coarse mode.

Accumulation-mode fine particles are kept suspended by normal air motions and have very low

deposition rates to surfaces. They can be transported thousands of km and remain in the

atmosphere for a number of days. Coarse particles can settle rapidly from the atmosphere within
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Figure 2-14. Theoretical predictions and experimental measurements of growth of
NH_HSO, particles at relative humidity between 95 and 100%.

Source: Lietal. (1992).

hours and normally travel only short distances. However, when mixed high into the atmosphere,
as in dust storms, the smaller-sized coarse-mode particles have longer lives and travel greater
distances. Dry deposition rates are expressed in terms of a deposition velocity that varies with
particle size, reaching a minimum between 0.1 and 1.0 um aerodynamic diameter (e.g., Lin

et al,, 1994). Accumulation-mode particles are removed from the atmosphere primarily by cloud
processes. Fine particles, especially particles with a hygroscopic component, grow as the
relative humidity increases, serve as cloud condensation nuclei, and grow into cloud droplets.

If the cloud droplets grow large enough to form rain, the particles are removed in the rain.
Falling rain drops impact coarse particles and remove thém. Ultrafine or nuclei-mode particles
are small enough to diffuse to the falling drop, be captured, and be removed in rain, Falling rain
drops, however, are not nearly as effective in removing accumulation-mode particles as the
cloud processes mentioned above. A more detailed discussion of particle deposition, including
acid deposition, especially as it applies to deposition to vegetation, soil, and water surfaces is

given in Chapter 4 (Environmental Effects of Airborne Particulate Matter). Acid deposition and
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PM are intimately related, first, because particles contribute to the acidification of rain and,
secondly, because the gas-phase species that lead to dry deposition of acidity are also precursors
of particles. Therefore, reductions in SO, and NO, emissions will decrease both acidic
deposition and PM concentrations.

Sulfate, nitrate, and some partially oxidized organic compounds are hygroscopic and act as
nuclei for the formation of cloud droplets. These droplets serve as chemical reactors in which
(even slightly) soluble gases can dissolve and react. Thus, SO, can dissolve in cloud droplets
and be oxidized to sulfuric acid by dissolved ozone or hydrogen peroxide. These reactions take
place only in aqueous solution, not in the gas phase. Sulfur dioxide also may be oxidized by
dissolved oxygen. This process will be faster if metal catalysts such as iron or manganese are
present in solution. If the droplets evaporate, larger particles are left behind. If the droplets
grow large enough, they will fall as rain; and the particles will be removed from the atmosphere
with potential effects on the materials, plants, or soil on which the rain falls. (Similar
considerations apply to dew.) Atmospheric particles that nucleate cloud droplets also may
contain other soluble or nonsoluble materials such as metal salts and organic compounds that
may add to the toxicity of the rain. Sulfuric acid, ammonium nitrate, ammonium sulfates, and
organic particles also are deposited on.surfaces by dry deposition. The utilization of ammonium
by plants leads to the production of acidity. Therefore, dry deposition of particles can also
contribute to the ecological impacts of acid deposition. . These effects are discussed in Chapter 4

(Environmental Effects of Airborne Particulate Matter).

2.1.4 Comparison of Fine and Coarse Particles

The physical and chemical properties of fine particles (including ultrafine particles and
accumulation-mode particles) and coarse particles are summarized for comparison purposes in
Table 2-1. These include important differences in sources, formation mechanisms, composition,,
atmospheric residence time, removal processes, and travel distances. Ensuing chapters in this
document will also show that fine and coarse particles differ in aspects of concentrations,
exposure, dosimetry, toxicology, and epidemiology. Collectively, these differences continue to
warrant consideration of fine particles as a separate air pollutant class from coarse particles and

the setting of separate standards for fine and coarse particles.
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TABLE 2-1. COMPARISON OF AMBIENT PARTICLES,
FINE PARTICLES (Ultrafine Plus Accumulation-Mode) AND COARSE PARTICLES

Fine

Ultrafine

Accumulation

Coarse

Formation
Processes:

Formedby:  Nucleation
- Condensation
Coagulation

Composed Sulfate

of: Elemental Carbon
Metal compounds
Organic compounds
with very low
saturation vapor
pressure at ambient
temperature

Solubility: Probably less soluble
than accumulation

mode

Sources: Combustion
Atmospheric
transformation of SO,
and some organic
compounds
High temperature
processes

Atmospheric  Minutes to hours
half-life:

Removal Grows into
Processes: accumulation mode

Diffuses to raindrops
Travel <1 to 10s of km
distance:

Combustion, high-temperature
processes, and atmospheric reactions

Condensation

Coagulation

Reactions of gases in or on
particles

Reactions of gases in oron .
particles

Evaporation of fog and cloud
droplets in which gases have
dissolved and reacted

Sulfate, Nitrate, Ammonium,

and Hydrogen fons

Elemental carbon

Large variety of organic
compounds

Metals: compounds of Pb, Cd,
V, Ni, Cu, Zn, Mn, Fe, etc.
Particle-bound water

Largely soluble, hygroscopic,
and deliquescent

Combustion of coal, oil,
gasoline, diesel fuel, wood
Atmospheric transformation
products of NO,, SO,, and
organic compounds, including
biogenic organic species
(e.g., terpenes)
High-temperature processes,
smeiters, steel mills, etc.

Days to weeks

Forms cloud droplets and rains
out
Dry deposition

100s to 1000s of km

Break-up of large solids/droplets

Mechanical disruption {crushing,
grinding, abrasion of surfaces)
Evaporation of sprays

Suspension of dusts

Reactions of gases in or on particles

Suspended soil or street dust

Fly ash from uncontrolled combustion
of coal, oil, and wood
Nitrates/chlorides from HNO,/HCH
Oxides of crustal elements

(Si, Al, Ti, Fe)

CaCQ;, NaCl, seasalt

Polien, mold, fungal spores

Plant and animal fragments

Tire, brake pad, and road wear debris

Largely insoluble and nonhygroscopic

Resuspension of industrial dust and
soil tracked onto roads and streets
Suspension from disturbed soil (e.g.,
farming, mining, unpaved roads)
Construction and demolition
Uncontrolled coal and oil combustion
Ocean spray

Biological sources

Minutes to hours

Dry deposition by fallout
Scavenging by falling rain drops

<1 to 10s of km
(100s to 1000s in dust storms)

Source: Adapted from Wilson and Suh (1997).
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2.2 MEASUREMENT OF PARTICULATE MATTER

The 1996 PM AQCD (U.S. Environmental Protection Agency, 1996a) summarized
sampling and analytical techniques for PM and acid deposition that had appeared in the literature
since the earlier 1982 PM AQCD (U.S. Environmental Protection Agency, 1982). Excellent
reviews have also been published by Chow (1995) and McMurry (2000). This section discusses
problems in measuring PM; new techniques that attempt to alleviate these problems or measure
problem species; Federal Reference Methods, speciation monitors, analytical methods for
inorganic elements, organic and elemental carbon, and ionic species; and continuous and

multiday monitors.

2.2.1 Particle Measurements of Interest

There are many PM components and parameters that are of interest across the various
types of uses to which PM measurement data are applied. These uses include analyses of
compliance with air quality standards and trends; source category apportionment studies related
to the develop of pollution reduction strategies and the validation of air quality models; studies
related to health, ecological, and radiative effects; and characterization of current air quality for
presentation to the public in the context of EPA’s Air Quality Index. PM measurement
components and parameters of specific interest for these various purposes are noted below and
summarized in Table 2-2.

Particle measurements are needed to determine if a location is in compliance with air
quality standards, to determine long-term trends in air quality patterns, and for epidemiologic
studies. For these purposes, precision of the measurements by a variety of measurement
instruments in use is a critical consideration. Therefore, intercomparisons of various samplers
under a variety of atmospheric and air quality conditions are important.

In order to reduce pollution to attain a standard, pollution contro! agencies and national
research organizations need measurements to identify source categories and to develop and
validate air quality models. For these purposes, PM parameters other than mass, such as
chemical composition and size distribution, must also be measured. Moreover, measurements
are needed with shorter time resolution in order to match changes in pollution with diurnal

changes in the boundary layer.
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TABLE 2-2. PARTICULATE MATTER COMPONENTS/PARAMETERS OF
INTEREST FOR HEALTH, ECOLOGICAL, OR RADIATIVE EFFECTS;
FOR SOURCE CATEGORY APPORTIONMENT STUDIES;

OR FOR AIR QUALITY MODELING EVALUATION STUDIES

Particle number
Particle surface area
‘Particle size distribution

PM mass (fine PM mass [PM, 5] and coarse thoracic PM mass [PM,, ;5]) including both
nonvolatile mass as measured by the current Federal Reference method and total mass
(including semivolatile components such as ammonium nitrate and semivolatile organic
compounds, but not particle-bound water)

Ions (sulfate, nitrate, and ammonium)
Strong acidity (H")
Elemental carbon

Organic carbon (total, nonvolatile, and semivolatile; functional groups and individual
species)

Transition metals (water soluble, bioavailable, oxidant generation)
Specific toxic elements and organic compounds

Crustal elements

Bioaerosols

Particle refractive index (real and imaginary)

Particle density |

Particle size change with changes in relative humidity

A number of PM measurements are needed for use in epidemiologic and exposure studies

and to determine components of PM to guide planning and interpretation of toxicologic studies.
For these purposes, size and chemical composition measurements are important, as is
measurement across different time intervals. For epidemiologic studies of acute (i.e., short-term)
PM exposures, 1-h or continuous measurements can provide important information beyond that
provided by 24-h measurements. However, for epidemiologic studies of chronic PM exposures,

measurements that permit integration over longer intervals (e.g., a week to a month) are more

W~ A B W N e

relevant. For dosimetric studies and modeling, information will be needed on the particle size
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distribution and on the behavior of particles as the relative humidity and temperature changes
found in the atmosphere are increased to those found in the respiratory system.

For studies of ecological effects and materials damage, measurements of particles and of
the chemical components of particulate matter in rain, fog, and dew are needed to understand the
contributions of PM to soiling of surfaces and damage to materials and to understand the wet and
dry deposition of acidity and toxic substances to surface water, soil, and plants. Some
differentiation into particle size is needed to determine dry deposition.

For studies of visibility impairment and radiative effects, information is needed that relates
to how particles scatter and absorb light, including refractive index, ratio of scattering to

absorption, size distribution, and change in particle size with change in relative humidity.

2.2.2 Issues in Measurement of Particulate Matter

The EPA decision to revise the PM standards by adding daily and yearly standards for
PM, ; has led to a renewed interest in the measurement of atmospheric particles and also to a
better understanding of the problems in developing precise and accurate measurements of |
particles. It is very difficult to measure and characterize particles suspended in the atmosphere;
however, numerous improvements in PM monitoring are in use and others are in development.
EPA’s PM standards are based, in part, on epidemiologic relationships between health effects
and PM concentrations as measured with existing monitoring methods. As understanding of
suspended PM has advanced and new monitoring information has become available, EPA has
changed the indicator for the PM NAAQS from TSP to PM,,, and added PM, ;. During the
current PM NAAQS review, consideration will be given to a standard for coarse thoracic PM.

The U.S. Federal Reference Methods (FRM) for PM, ; and PM,, provide relatively précise
(10 %) methods for determining the mass of material remaining on a Teflon filter after
equilibration. However, numerous uncertainties remain as to the relationship between the mass
and composition of material remaining on the filter as determined by the FRM measurement
procedure and the mass and composition of material that existed in the atmosphere as suspended
PM. As aresult, EPA defines accuracy for PM measurements in terms of agreement of a
candidate sampler with a reference sampler. Therefore, intercomparison of samplers is very
important in determining how well various samplers agree and how various design choices

influence what is actually measured.
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There are eight general areas where choices are made in the design and use of an aerosol
sarhpler. These include (1) consideration of positive artifacts due to chemical reaction or
adsorption; (2) treatment of semivolatile components; (3) selection of particle size cut
characteristics for the upper cut point; (4) separation of fine and coarse PM; (5} treatment of
pressure, temprerature, and relative humidity; (6) time resolution; (7) assessment of the reliability
of the measurement technique; and (8) operation and maintenance procedures needed to
maintain consistent measurements over time. In many cases, choices have been made without
adequate recognition of the consequences. As a result, measurement methods developed by
different organizations may give differént results when sampling the same atmosphere even

though the techniques appear to be similar.

2.2.2.1 Artifacts Due to Chemical Reactions

When TSP was collected on glass fiber filters, the reaction of SO, (and other acid gases)
with basic sites on the glass fiber or with basic coarse particles on the filter led to the formation
of sulfate (or other nonvolatile sales, e.g., nitrate, chloride). These positive artifacts led to
overestimation of mass, sulfate (and probably also of nitrate). The metal impurities in the glass
fiber cansed a high background that led to low precision in the measurement of trace metals.
These problems were largely overcome by changing to quartz fiber or Teflon filters and by
separate collection of PM, ,. 'However, the possible reaction of acidic gases with basic coarse
particles remains a possibility, especially with measurements of PM,, and PM,, ;. The reaction
of NH, with acidic particles, either during sampling or during transportation, storage, and
equilibration remains a problem in areas such as the eastern U.S. where PM is frequently acidic.
Techniques have been developed that overcome this problem by use of a denuder to remove NH,
during sampling and to protect the collected PM from NH, (Suh et al., 1992, 1994; Brauer et al.,
1991; Koutrakis et al., 1988a,b). However, this technique has been applied primarily for
measurement of particle strong acidity, not for the measurement of artifact-free ammonium or
mass concentrations. In the measurement of particle strong acidity, basic coarse particles must

be separated from acidic fine particles (Koutrakis et al., 1992).
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2222 Treatment of Semivolatile Components of Particulate Matter

Current filtration-based mass measurements can experience significant evaporative losses,

during and possibly after collection, of a variety of semivolatile components (i.e., species that

exist in the atmosphere in dynamic equilibrium between the condensed phase and gas phase).

Important examples include ammonium nitrate, semivolatile organic compounds, and particle-

bound water. This problem is illustrated in Figure 2-15.

d mass/d log Dp

Should be
retained
Particle-bound water
should be removed
C . ¥
organic
‘:: rg
(NH_),S0,
X=0to2
/ C elemental
/ Mineral/Metal
1 L
0.1 1.0 25
Aerodynamic Diamster (pm)

Semivolatile components subject to evaporation during or after sampfing

Figure 2-15. Schematic showing major nonvolatile and semivolatile components of PM, ..

Semivolatile components are subject to partial to complete loss during
equilibration or heating. The optimal technique would be to remove all
particle-bound water but no ammonium nitrate or semivolatile organic PM.

Possible approaches that have been used to address the problem of potentially lost

semivolatile components include those that follow, which will be discussed in more detail in

subsequent sections.
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Collect/measure all components present in the atmosphere in the condensed phase except
particle-bound water. (Examples: Brigham Young absorptive sampler and Harvard
pressure drop monitor. Both require preconcentration of the accumulation mode and

reduction of ambient humidity.)

Stabilize PM at a specified temperature high enough to remove all, or almost all, particle-
bound water. This results in loss of much of the semivolatile PM. (Examples: tapered
clement oscillating microbalance (TEOM) operated at 50 °C, beta gauge with heated

inlet.)

Equilibrate collected material at fixed, near-room temperature and moderate relative
humidity to reduce particle-bound water. Accept the loss of an unknown but possibly
significant fraction of semivolatile PM. (Example: U.S. Federal Reference Method and
most filter-weighing techniques.) Equilibration originally was designed to remove
adsorbed water vapor from glass fiber filters in order to maintain a stable filter wei ght.
The designated RH (35+5%) was a compromise. If the RH is too low, electrostatic
charging becomes a problem. The equilibration process does help provide a stable and
reproducible mass. It also reduces the particle-bound water. However, it may not _

remove all particle-bound water.

2.2.2.3 Upper Cut Point

The upper cut point of the high volume sampler varied with wind speed and direction.
Newer PM samplers are usually designed to have an upper cut point and its standard deviation
that are independent of wind direction and relatively independent of wind speed. Current PM
samplers have upper cut points that are stable under normal operating conditions. However,

problems may occur under unusual or adverse conditions. Ono et al. (2000) reported the results

of a study in which several PM,, samplers were collocated and operated at various sites at

Owens Lake, CA, a location with high concentrations of coarse PM. Samplers included the
Partisol sampler, the TEOM, a dichotomous sampler, the Wedding high-volume sampler, and the
Graseby high-volume sampler. They found that the TEOM and Partisol samplers agreed to

within 6% on average. The dichotomous sampler and the Graseby and Wedding high-volume
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samplers, however, measured significantly lower PM,, concentrations than the TEOM (on
average 10, 25, and 35% lower, respéctive]y). These lower concentrations were attributed to a
decrease in the cut point at higher wind speeds and to a dirty inlet.

The choice of the cut point characteristics depends upon the application for the sampling
device. A separation that simulates the removal of particles by the human upper respiratory
system might appear to be a good choice for both health risk and regulatory monitoring (i.e.,
measure what gets into the lungs). The ACGIH-ISO-CEN penétration curve for thoracic
particles (particles able to pass the larynx and penetrate into the bronchial and atveolar regions of
the lung) has a 50% cut point at 10 pm aerodynamic diameter (D,). The U.S. PM,, separation
curve is sharper than the thoracic penetration curve but has the advantage of reducing the
problem of maintaining the finite collection efficiency specified by the thoracic penetration

curve for particles larger than 10 pym D,. (See Section 2.1.2.2 and Figure 2-6).

22.2.4 Cut Point for Separation of Fine and Coarse Particulate Matter

As shown in Table 2-1, fine and coarse particles differ not only in size but also in

formation mechanisms; sources; and chemical, physical, and biological properties. They also

differ in concentration-exposure relationships, dosimetry (deposition and retention in the
respiratory system), toxicity, and health effects as observed by epidemiologic studies. Thus, it is
desirable to measure fine and coarse PM separately in order to properly allocate health effects to
either fine or coarse PM and to correctly determine sources by receptor modeling approaches.
For example, sulfates in fine particles are associated with hydrogen or ammonium ions while
sulfates in coarse particles are associated with basic metal ions. Transition metals in coarse
particles are likely to be associated with soil and tend to be less soluble (and presumably less
bioavailable) than transition metals in fresh combustion particles found in fine particlies.

The 2.5 pm D, cut point was chosen in the early 1970s as the cut point for a new
dichotomous sampler (Loo et al., 1976; Jaklevic et al., 1977) for use in the Regional Air
Pollution Study in St. Louis, MO. At that time aerosol scientists were beginning to realize that
there was a minimum between 1 and 3 um in the distribution of particle size by volume (Whitby
etal, 1974). The 2.5 pm cut point was subsequently used as an indicator of fine-mode PM in a
number of studies including the Harvard Six-City Studies of the relationships between mortality
and PM concentrations (Dockery et al., 1993; Schwartz et al., 1996). A 2.5 um cut point was
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also used in the Inhalable Particle Network (Suggs and Burton, 1983) which provided data for
another major epidemiologic study of PM - mortality relationships using an American Cancer
Society cohort (Pope et al., 1995). Therefore, at the time of the last review of the NAAQS for
PM (U.S. Environmental Protection Agency, 1996a,b), there were a number of epidemiologic
studies demonstrating a statistical relationship between PM, s concentrations and mortality.

It is now understood that the size range between 1.0 and 2.5 um, sometimes called the
intermodal region may contain either accumulation-mode or coarse-mode material or both, i.e.,
the two modes may overlap in this region (Kegler et al., 2001). The experimental information on
the composition and source of the intermodal mass was discussed extensively in the 1996 PM
AQCD (U.S. Environmental Protection Agency, 1996a). Depending on conditions, a significant
amount of either accumulation- or coarse-mode material may be found in the intermodal region
between 1.0 and 2.5 pm. The analysis demonstrated the important role of relative humidity in
influencing the size of particles in both the accumulation and coarse modes.

As the relative humidity increases, hygroscopic accumulation-mode particles will increase
in size due to accumulation of particle-bound water. At high relative humidities, some originally
submicrometer accumulation-mode PM may be found with a D, above 1 pm. At a relative
humidity of 100%, such as found in fog and clouds, accumulation-mode PM may extend above
2.5 pm D,. What is not well understood is whether such particles will shrink to diameters below
1 pm as the RH decreases or whether reactions occurring in the wet particles will result in an

increase in non-aqueous mass so that even at low RH the diameters would exceed 1 pm. On the

~other hand, at very low relative humidity, coarse particles may be fragmented into smaller sizes,

 and small amounts of coarse PM may be found with an D, below 2.5 um (L.undgren et al., 1984;

Lundgren and Burton, 1995). Thus, a PM, ; sample will contain all of the accumulation-mode
PM except during periods of RH near 100 %. However, under conditions of low RH, it may also
contain a small fraction of the coarse PM. The sélection of a cut point of 2.5 pm as a basis for
EPA’s 1997 NAAQS for fine particles (Federal Register, 1997) and its continued use in many
heaith effects studies reflect the importance placed on more complete inclusion of accumulation-
mode particles while recognizing that intrusion of coarse particles can occur under some
conditions with this cut point.

In addition to the influence of relative humidity, in areas where winds cause high

concentrations of windblown soil there is evidence that a significant amount of coarse-mode PM
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may be found below 2.5 pm. An example, taken from data collected during the August 1996
dust storm in Spokane, WA, is shown in Figure 2-16. Note that the PM,, scale is 10 times that
of the other size fractions. PM,, although high in the morning, goes down as the wind increases
and PM,;, PM, 5, and PM, 5, go up. During the peak of the dust storm, around 9 pm, PM, s, was
88% of PM, ;. For the 24-h period, PM, 5| was 54% of PM, ;. However, PM, was not affected
by the intrusion of coarse particles. Similar considerations probably apply to short-term
intrusions of dust transported from distant sources such as the Sahara and Gobi deserts (Husar
et al., 2001).
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Figure 2-16. Particulate matter concentrations in Spokane, WA, during the August 30,
1996 dust storm.

Source: Claiborn et al. (2000).

A cut point of 1.0 um could reduce the misclassification of coarse-mode material as fine,
especially in areas with high levels of wind blown soil, but under high RH conditions could

result in some accumulation-mode material being misclassified as coarse. A reduction in RH,
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either intentionally or inadvertently, will reduce the mass mean diameter of the accumulation-
mode particles. A sufficient reduction in RH should yield a dry accumulation mode with very
little material above 1.0 um. Studies of the changes in particle size with changes in relative
humidity suggest that only a small fraction of accumulation-mode particles will be above 1.0 pm

in diameter at RH below 60%, but a substantial fraction will grow above 1.0 um for RH above

80% (Hitzenberger et al., 1997; McMurry and Stolzenburg, 1989; U.S. Environmental Protection
Agency, 1996a).

Under high relative humidity circumstances, a monitor using a 1.0 pm D, cut point can

achieve better modal separation if the air stream is dehumidified to some fixed humidity that
would remove all or most particle-bound water without evaporating semivolatile components.
New techniques which require reduction of RH prior to collection have been developed for
measurement of fine particulate matter minus particle-bound water but including semivolatile
nitrate and organic compounds. With such techniques, PM, ﬁleasurements in conjunction with
concurrent PM, ; measurements would be usefu} for exposure, epidemiologic, and source
apportionment studies especially in areas where intrusion of coarse-mode particles into the

intermodal range is likely.

2.2.2.5 Treatment of Pressure, Temperature, and Relative Humidity

There are a variety of techniques for defining (or ignoring) the pressure, temperature, and
relative humidity during and after sampling. | For example, the sample volume may be based on
the mass or volumetric flow corrected to Standard temperature and pressure (273 °K and 1 atm.)
(current FRM for PM;,), or it may be based on the volumetric flow at ambient conditions of
temperature and pressure {current FRM for PM, ).

There are also a variety of options for the control of temperature during collection. The
particles may be heated enough to remove much of the particle-bound water (i.e., TEOM at
50 °C); the particles may be heated several degrees, Just enough to prevent condensation of
water in the sampling system; the particles and the sampler may be maintained near ambient
temperature (+5 "C of ambient temperature is required for EPA FRM samplers); or the particles
and sampler may be maintained at constant temperature inside a heated or air conditioned

shelter. There are also options for control of temperature after collection: (2) no control (room
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temperature) or (b) ship and store at cool temperature (4 °C is the current EPA FRM
requirement).

Consideration must also be given to relative humidity. Changes in relative humidity cause
changes in particle size of hygroscopic 6r deliquescent particles. Changing relative humidity by
adding or removing water vapor affects measurements of particle number, particle surface area,
and particle size distribution and the amount of overlap of accumulation-mode and coarse-mode
particles. Changing relative humidity by intentional or inadvertent changes in temperature also
affects the amount of loss of ammonium nitrate and semivolatile organic compounds.
Monitoring personnel should be aware of the various options for treatment of pressure,
temperature, and relative humidity; mak_e appropriate selections; and document which options
are used.

Studies of relationships between personal/indoor/outdoor measurements present special
problems. Indoor environments are typically dryer than outdoors and may be warmer or, if
air-conditioned, cooler. These differences may change particle size and the amount of
volatilization of semivolatile components. Such changes between indoors and outdoors will
complicate the comparison of indoor to outdoor PM concentrations; the modeling of personal
exposure to all particles; and apportionment of personal exposure into particles of ambient

origin, particles of indoor origin, and particles originating from personal activity.

2.2.2.6 Time Resolution _

The classic 24-hour filter collection technique is being supplemented by a variety of
continuous monitors for various PM constituents. This process is being accelerated by the lower
operational cost of continuous monitors and the availability of new continuous monitors for
mass, number, and certain chemical components, as well as refinements of older methods based
on beta attenuation or light scattering. Most epidemiologic studies have used 24-hour
concentrations as exposure indicators. However, one epidemiologic study of chronic effects
uses a filter sampler with a two-week collection period (Gauderman et al., 2000). Another
recent study used 1-2 h concentrations (see Peters et al., 2000). Continuous methods are

discussed in Section 2.2.5.
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2.2.2.7 Accuracy and Precision

Precision is typically determined by comparison of collocated samplers or through
replicate analyses; whereas accuracy is determined through the use of traceable calibration
standards. Unfortunately, no standard reference calibration material or procedure has been
developed for suspended, atmospheric PM. It is possible to determine the accuracy of certain
components of the PM measurement system (e.g., flow control, inlet aspiration, PM, , cut,
weighing, etc.). The absolute accuracy for collecting a test aerosol can also be determined by
isokinetic sampling in a wind tunnel. However, it is not currently feasible to provide a simulated
atmospheric aerosol with naturally occurring semivolatile components. It is particularly
challenging to develop an atmospheric acrosol calibration standard suitable for testing samplers
in the field. Therefore, it is not possible at the present time to establish the absolute accuracy of
a PM monitoring technique. Intercomparison studies may be used to establish the precision of
identical monitors and the extent of agreement between different types of monitors. Such studies
are important for establishing the reliability of PM measurements. Intercomparison studies have
contributed greatly to our understanding of the problems in PM measurement. Such studies will
be discussed as they apply to specific measurement problems, monitoring instruments, or
analytical techniques. -

Some measurement errors of concern in P.M10 sampling, including those that arise due to’
uncertainty tolerances in cutpoint, particle bounce and reentrainment, impactor surface
overloading, and losses to sampler internal surfaces, were discussed in detail in the 1996 PM
AQCD (U.S. Environmental Protection Agency, 1996a). Other measurement errors of concern
in PM, 5 sampling arise because of our inability to assess éccuracy in an absolute sense due to a
lack of an atmospheric aerosol calibration standard, the inclusion in PM, ; of a small amount of
coarse particles as discussed in Section 2.2.1.3, problems associated with the definition of PM,
as what remains on a filter after collection and equilibration rather than as the mass of particles
as they exist in the air. Still, it is possible to measure PM indicators with high precision.
Detailed information on precision and quality assurance may be found on EPA’s Technology
Transfer Network website (U.S. Environmental Protection Agency, 2002a). See discussion in
Section 2.2.4.

Because of the difficulties associated with determining the accuracy of PM measurements,

EPA has sought to make FRM measurements equivalent by specifying operating conditions and,
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in the case of PM, ; samplers, by specifying details of the sampler design. Thus, both the PM,,
as well as the PM, ; standards are defined with consistency of measurement technique rather than
with the accuracy of the true mass concentration measurement in mind (McMurry, 2000). Itis
acknowledged in the Federal Register (1997) that, “because the size and volatility of the particles
making up ambient particulate matter vary over a wide range and the mass concentration of
particles varies with particle size, it is difficult to define the accuracy of PM, ; measurements in
an absolute sense....” Thus, accuracy is defined as the degree of agreement between a field
PM, ; sampler and a collocated PM, ; reference method audit sampler (McMurry, 2000). The
Federal Reference Method for PM, 5 is discussed in Section 2.2.3.3. As mentioned earlier,
volatilization of organic compounds and ammonium nitrate during sampling or post-éampli_ng
handling can lead to significant underestimation of the fine particulate mass concentration in
some locations. Sources of error in the measurement of mass of PM, 5 suspended in the

atmosphere also arise because of adsorption or desorption of semivolatile vapors onto or from

collected PM, filter media, or other sampler surfaces; neutralization of acid or basic vapors on

either filter media or collected PM; and artifacts associated with particle-bound water.

During the past 25 years, there have been advancements in the generation and
classification of monodisperse aerosols as well as in the development of electron microscopy and
imaging analysis that have contributed to the advancement in aerosol calibration (Chen, 1993).
Still, one of the limitations in PM sampling and analysis remains the lack of primary calibration
standards for evaluating analytical methods and for intercomparing laboratories. Klouda et al.
(1996) examined the possibility of resuspending the National Institute of Science and
Technology (NIST) Standard Reference Material 1649 (Urban Dust) in air for collection on up to
320 filters simultaneously using Standard Research International’s dust generation and collection
system. However, the fine component is not resuspended and the semivolatile component has
evaporated. Consequently, this material is not a suitable standard for suspended PM. NIST is
continuing work in this area with EPA support.

Methods validation was discussed in the 1996 PM AQCD (U.S. Environmental Protection
Agency, 1996a), and the usefulness of intercomparisons and “internal redundancy” was
emphasized. For example, a number of internal consistency checks are applied to the IMPROVE
network (Malm et al., 1994). These include mass balances, sulfur measurements by both

prpton—induced X-ray emission (PIXE) and jon chromatography (IC), and comparison of organic
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matter by combustion and by proton elastic scattering (PESA) of hydrogen. Mass balances
compare the gravimetrically determined mass with the mass calculated from the sum of the
major chemical components (i.e., crustal elements plus associated oxygen, organic carbon,
elemental carbon, sulfate, nitrate, ammontum, and hydrogen ions). Mass balances are useful
validation techniques; however, they do not check for, or account .for, artifacts asso_ciated with
the absorption of gases during sampling or the loss of semivolatile material during sampling.
The mass balance check may appear reasonable even if such artifacts are present becausevonly
the material collected on the filter is included in the balance. Mass balance checks may also
suffer from errors due to some particle-bound water remaining in the PM even after equilibration
and from the use of an arbitrary factor to account for the amount of oxygen and hydrogen atoms

per carbon atom in the organic carbon fractions (Andrews et al., 2000).

2.2.3 Measurement of Semivolatile Particulate Matter

PM suspended in the atmosphere is composed of many chemical Species having a wide
range of vapor pressures. Substances with vapor pressures below 10® Torr (mmHg) will
typically be nonvolatile; substances with vapor pressures above 10" Torr will be primarily in the
gas phase; substances with vapor pressures between 10“ and 10° Torr may exist in an
equilibrium state with some material in both the gas phase and the condensed (partlculate) phase
and are known semivolatile material (SVM) (Pankow, 1994a). SVM, originally in the
atmosphere in the particulate phase and collected on a filter, may subsequently be lost from the
filter. SVM may evaporate during sampling due to a reduction in its concentration in the
atmosphere being sampled or due to the pressure drop across the filter. SVM may evaporate
after sampling; during intentional equilibration at a low relative humidity; or during transport,
handling, and storage if exposed to an atmosphere in which the vapor preséure of one or more
semivolatile components is lower than in the atmosphere sampled. Since water is not a

pollutant, it is necessary to remove most of the particle-bound water before weighing (Chow,

1995). However, collection and measurement of ammonium nitrate and semivolatile organic

- compounds in suspended atmospheric PM represents a major analytical challenge (McMurry,

2000).
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2.2.3.1 Particle-Bound Water

It is generally desirable to collect and measure ammonium nitrate and semivolatile organic
compounds. However, for many measurements of suspended particle mass, it is desirable to
remove the particle-bound water before determining the mass. The mass of particle-bound water
is strongly dependent on the relative humidity. However, the dependence is not linear since
there is significant hysteresis in the water adsorption-desorption pathways (Seinfeld and Pandis,
1998). Water vapor is not a pollutant and cannot be controlled. Particle-bound water is not
included in the mass of PM subject to regulation and control. Because the mass of particle-
bound water could be equal or greater than that of the other components, a measurement of PM

mass including particle-bound water would depend more on relative humidity that pollution.

For all these reasons, it is usually desirable to remove most, if not all, particle-bound water

before weighing collected PM. However, in some situations it may be important to know how
much of the suspended particle’s mass or volume results from particle-bound water.

Figures 2-13 and 2-14 show the change in diameter of sulfate particles as a function of relative
humidity. Figure 2-13 also shows hysteresis resulting from the difference between
deliquescence and crystallization points.

Pilinis et al. (1989) calculated the water content of atmospheric particulate matter above
and below the deliquescent point. They predicted that aerosol water content is strongly
dependent on composition and concluded from their calculations that liquid water could
represent a significant mass fraction of aerosol concentration at relative humidities above 60%.
Since then, a few researchers have attempted to measure the water content of atmospheric
aerosol. Most techniques have focused on tracking the particle mass as the relative humidity is
changed and are still in the development phase. There have been only a few demonstrations
using actual ambient aerosol to date. Of interest, in particular, is the development of the Tandem
Differential Mobility Analyzer (TDMA) and its applications in investigations of the effects of
relative humidity on particle growth.

Lee et al. (1997) examined the influence of relative humidity on the size of atmospheric
aerosol using a TDMA coupled with a scanning mobility particle sizer (SMPS). They reported
that the use of the TDMA/SMPS system allowed for the abrupt size changes of aerosols at the

deliquescence point to be observed precisely. They also reported that at relative humidities
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between 81 and 89% the water content of ammonium sulfate aerosols (by mass) rangéd from
47 to 66%.

Andrews and Larson (1993) investigated the interactions of single aerosol particles coated
with an organic film within a humid environment. Using an electrodynamic balance, they
conducted laboratory experiments in which sodium chloride and carbon black particles were
coated with individual organic surfactants (intended to simutate the surface-active, organié films
that many atmospheric acrosol particles may exhibit) and their water sorption curves were
examined. Their results showed that when ordinarily hydrophobic carbon black particles were

coated with an organic surfactant, they sorbed significant amounts of water (20 to 40% of the dry

‘mass of the particle).

Liang and Chan (1997) developed a fast technique using the electrodynamic balance to
measure the water activity of atmospheric aerosols. In their technique, the mass of a levitated
particle is determined as the particle either evaporates or grows in response to a step change in
the relative humidity. Their technique was demonstrated using laboratory experiments with
NaCl, (NH,),SO,, NaNO;, and (NH,),SO,/NH,NO; solutions. They concluded that one of the
advantages of their fast method is the ability to measure the water activity of aerosols containing
volatile solutes such as ammonium chloride and some organics.

McInnes et al. (1996) measured aerosol mass concentration, ionic composition, and
associated water mass of marine aerosol over the remote Pacific Ocean. The mass of |
particle-bound water was determined by taking the difference between the mass obtained at 48%
RH and at 19% RH, assuming the aerosol particles were dry at 19% RH. Based on a comparison
of the remote Pacific aerosol to aerosol collected at a site at the marine/continental interface of
the Washi'ngton coast, the amount of water associated with the aerosol was observed to be a
function of the ammonium to sulfate ratio. They found that the amount of water associated with
the submicrometer aerosol comprised 29% of the total aerosol mass collected at 47% RH and
9% of the total mass at 35% RH. |

Ohta et al. (1998) characterized the chemical composition of atmospheric fine particle§
(50% cut point of 2 pm) in Sapporo, Japan, and as part of their measurements, determined the
water content using the Karl Fischer method (Meyer and Boyd, 1959). Afier exposing a Teflon
filter, a portion of the filter was equilibrated at 30% RH for 24 h. Then the filter piece was

placed in a water evaporator heated at 150 °C, vaporizing the particle-bound water. The vapor
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evolved was analyzed for water in an aqua-counter where it was titrated coulometrically in Karl
Fischer reagent solution (containing iodine, sulfur, and methanol). The accuracy of the aqua-
counter is 1 mg. Using this technique, they determined that the water content of the particles
ranged from 0.4 to 3.2% of the total particulate mass (at RH < 30%). This representé a smaller
portion of water compared to their previous reported values (Ohta and Okita, 1990) that were
determined by calculation at RH of 50%. '

Speer et al. (1997) developed an aerosol liquid water content analyzer (LWCA) in which

aerosol samples are collected on PTFE filters and then placed in a closed chamber in which the
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relative humidity is closely controlled. The aerosol mass is monitored using a beta-gauge, first

—
<

as the relative humidity is increased from low RH to high RH, and then as the RH is decreased

]
o

again. They demonstrated the LWCA on laboratory-generated aerosol and on an ambient PM,

—
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sample collected in Research Triangle Park, NC. The ambient aerosol sample was also analyzed

for chemical constituents. It is interesting to note that, although their laboratory-generated

—
W

(NH,),S0, aerosol demonstrated a sharp deliquescent point, their atmospheric aerosol, which -

[am—
wh

was essentially (NH,),S0,, did not show a sharp deliquescent point.
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[

Hygroscopic properties of aerosols have been studied from the viewpoint of their ability to

act as condensation nuclei. The hygroscopic properties of fresh and aged carbon and diesel soot

—
@~

particles were examined by Weingartner et al. (1997) who found that fresh, submicron-size

—
O .

particles tended to shrink with increasing relative humidity because of a structural change.

b
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Lammel and Novakov (1995) found, in laboratory studies, that the hygroscopicity of soot

b2
—

particles could be increased by chemical modification and that the cloud condensation nucleation

characteristics of diesel soot were similar to those of wood smoke aerosol.
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The results of several of the above studies in which aerosol water content as a function of

b
o

relative humidity was determined are summarized in Figure 2-17. In this figure, the results of
Lee et al. (1997), McInnes et al. (1996), and Ohta et al. (1998) are included. Relative humidity

ranged from 9%, at which the aerosol water content was assumed to be zero (Mclnnes et al.,

NN
~ & L

1996), to 89%, at which the aerosol water content was determined to be 66% by mass (Lee et al.,

1997). Koutrakis et al. (1989) and Koutrakis and Kelly (1993) also have reported field

NN
O 0

measurements of the equilibrium size of atmospheric sulfate particles as a function of relative
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humidity and acidity.
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Figure 2-17. Aerosol water content expressed as a mass percentage, as a function of
relative humidity.

The effects of relative humidity on particle growtﬁ were also examined in several studies.
Fang et al. (1991) investigated the effects of flow-induced relative humidity changes on particle
cut sizes for aqueous sulfuric acid particles in a multi-nozzle micro-orifice uniform deposit
impactor (MOUDI). Laboratory experiments were conducted in which polydisperse sulfuric
acid aerosols were generated and the RH was adjusted. The aerosols were analyzed by a
differential mobility analyzer. Fang et al. (1991) observed that for inlet RH less than 80%, the
cut sizes for the sulfuric acid aerosols were within 5% of that for nonhygroscopic particles
except at the stage for which the cut size was 0.047 um where the cut size was 10.7% larger than
the nonhygroscopic particle cut size. They concluded that flow-induced RH changes would have
only a modest effect on MOUDI cut sizes at RH < 80%.

Hitzenberger et al. (1997) collected atmospheric aerosol in the size range of 0.06 to 15 pm
in Vienna, Austria, using a nine-stage cascade 'impactor and measured the humidity-dependent
water uptake when the individual impaétion foils were exposed to high RH. They observed
particle growth with varying growth patterns. Calculated extinction coefficients and single
scattering albedo increased with humidity.

Hygroscopic properties, along with mixing characteristics, of submicrometer particles

sampled in Los Angeles, CA, during the summer of 1987 SCAQS study and at the Grand
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Canyon, AZ, during the 1990 Navajo Generating Station Visibility Study were reported by
Zhang et al. (1993). They used a tandem differential mobility analyzer (TDMA; McMurry and
Stolzenburg, 1989) to measure the hygroscopic properties for particles in the 0.05- to 0.5-pm
range. In their expetimental technique, monodisperse particles of a known size are selected from
the atmospheric aerosol with the first DMA. Then, the relative humidity of the monodisperse
aerosol is adjusted, and the new particle size distribution is measured with the second DMA.
At both sites, they observed that monodisperse particles could be classified according to “more”
hygroscopic and “less” hygroscopic. Aerosol behavior observed at the two sites differed
markedly. Within the experimental uncertainty (£2%) the “less” hygroscopic particles sampled
in Los Angeles did not grow when the RH was increased to 90%; whereas at the Grand Canyon,
the growth of the “less™ hygroscopic particles varied from day to day, but ranged from near 0 to
40% when the RH was increased to 90%. The growth of the “more” hygroscopic particles in
Los Angeles was dependent on particle size (15% at 0.05 pm to 60% at 0.5 um); whereas at the
Grand Canyon, the “more” hygroscopic particles grew by about 50% with the growth not
varying significantly with particle size. By comparison of the TDMA data to impactor data,
Zhang et al. (1993) surmised that the more hygroscopic particles contained more sulfates and
nitrates while the less hygroscopic particles contained more carbon and crustal components.
Although most of the work to date on the hygroscopic properties of atmospheric aerosols
has focused on the inorganic fraétion, the determination of the contribution of particle-bound
water to atmospheric particulate mass is greatly complicated by the presence of organics. The
effect of RH on adsorption of semivolatile organic compounds is discussed elsewhere in this
chapter. Saxena et al. (1995) observed that particulate organic compounds also can affect the
hygroscopic behavior of atmospheric particles. They idealized the organic component ¢ of aerosol
as containing a hydrophobic fraction (high-molecular weight alkanes, alkanoic acids, alkenoic
acids, aldehydes, and ketones) and a hydrophilic fraction (e.g., lower molecular weight
carboxylic acids, dicarboxylic acids, alcohols, aldehydes, etc.) that would be likely to absorb
water. They then analyzed data from a tandem differential mobility analyzer in conjunction with
particle composition observations from an urban site {Claremont, CA) and from a nonurban site
(Grand Canyon) to test the hypothesis that, by adding particulate organics to an inorganic
aerosol, the amount of water absorbed would be affected, and the effect could be positive or

negative, depending on the nature of the organics added. They further presumed that the

June 2003 ' 2-56 DRAFT-DO NOT QUOTE OR CITE




W W NN RN RN RN NN N RN e e b e e e e e e e
— O vV 0 N AN R WN =L D WY e 0N R W N o=

I - Y o N

particulate organic matter in nonﬁrban areas would be predominantly secondary and thus
hydrophilic, compared to the urban aerosol that was presumed to be derived from primary
emissions and thus hydrophobic in nature. Their observations were consistent with their
hypothesis, in that at the Grand Canyon, the presence of organics tended to increase the water
uptake by aerosols; whereas at thé Los Angeles site, the presence of organics tended to decrease
water uptake.

Peng and Chan (2001) also recently studied the hygroscopic properties of nine water
soluble organic salts of atmospheric interest using an electrodynamic balance operated at 25°C.
Salts studied included sodium formate, sodium acetate, sodium succinate, sodium pyruvate,
sodium methanesulfonate, sodium oxalate, ammonium oxalate,lsodium malonate, and sodium
maleate. They observed that hygroscopic organic salts have a growth factor of 1.76-2.18 from
RH=10-90%, comparable to that of typical hygroscopic inorganic salts such as NaCl and
(NH,),50,. :

Nonequilibrium issues may be important for the TDMA, as well as for other methods of
measuring water content. Although approach to equilibrium when the RH is increased is
expected to be rapid for pure salts, it may be much slower for aerosols containing a complex mix
of corriponents (Saxena et al., 1995). For example, if an aerosol contains an organic film or
coating, that film may impede the transport of water across the particle surface, thus increasing
the time required for equilibrium (Saxena et al., 1995). Insufficient time to achieve equilibrium

in the TDMA could result in underestimation of the water content.

2.2.3.2 Nitrate and Organic Species
Particulate Nitrates

It is now well known that volatilization losses of particulate nitrates occur during sampling
on Teflon filters (e.g., Zhang and McMurry [1992]; see also Hering and Cass [1999] and Babich
et al., [2000]). The effect on the accuracy of atmospheric particulate measurements from these
volatilization losses is more significant for PM, ; than for PM,,. The FRM for PM, ; will likely
suffer loss of nitrates similar to that experienced with other simple filter collection systems.
Sampling artifacts resulting from the loss of particulate nitrates represents a significant problem
in areas such as southern California that experience high amounts of nitrates. Hering and-Cass

(1999) reported on errors in PM, ; mass measurements due to volatilization of particulate nitrate
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(Figure 2-18). They examined data from two field measurement campaigns conducted in
southern California: (1) the Southern California Air Quality Study (SCAQS) (Lawson, 1990)
and (2) the 1986 CalTech study (Solomon et al., 1992). In both these studies, side-by-side
sampling of PM, 5 was conducted. One sampler collected particles directly onto a Teflon filter.
The second sampler consisted of a denuder to remove gaseous nitric acid followed by a nylon
filter that absorbs the HNO, which evaporates from ammonium nitrate. in both studies, the
denuder consisted of MgO-coated glass tubes (Appel et al., 1981). Fine particulate nitrate
collected on the Teflon filter was compared to fine particulate nitrate collected on the denuded
nylon filter. In both studies, the PM, s mass lost because of volatilization of ammonium nitrate
represented a significant fraction of the total PM, ; mass. The fraction of mass lost was higher
during summer than during fall (17% versus 9% during the SCAQS study and 21% versus 13%
during the CalTech study; Figure 2-18). In regard to percentage joss of nitrate, as opposed to
percentage loss of mass discussed above, Hering and Cass (1999) found that nitrate remaining on

the Teflon filter samples was on average 28% lower than that on the denuded nylon filters.
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Figure 2-18. Amount of ammonium nitrate volatilized from Teflon filters, expressed as a
percentage of the measured PM, ; mass, for the SCAQS and CalTech studies,
for spring and fall sampling periods.

Source: Hering and Cass (1999).

June 2003 | 2-58 DRAFT-DO NOT QUOTE OR CITE




MO 00 ) N b B W N e

mwNNNNNNNNNN'—'HH!—'HND—IF—I)—lH
HC\DOQ‘\]O\M-BWN'—‘O\OOO“JG\UI-PWN'—'O

Hering and Cass (1999) also analyzed these data by extending the evaporative model
developed by Zhang and McMurry (1987). The extended model utilized by Hering and Cass
(1999) takes into account dissociation of collected particulate ammonium nitrate on Teflon
filters into nitric acid and ammonia via three mechanisms: (1) scrubbing of nitric acid and
ammonia in the sampler inlet (John et al., 1988 showed that clean PM,, inlet surfaces serve as an
effective denuder for nitric acid), (2) heating of the filter substrate above ambient temperature by
sampling, and (3) pressure drop across the Teflon filter. For the sampling systems modeled, the
flow-induced pressure drop was measured to be less‘ than 0.02 atm, and the corresponding
change in vapor pressure was 2%, so losses driven by pressure drop were not considered to be
significant in this work. Losses from Teflon filters were found to be higher during the summer
compared to the winter, higher during the day compared to night, and reasonably consistent with
modeled predictions.

Finally, during the SCAQS study, particulate samples also were collected using a Berner
impactor and greased Tedlar substrates in size ranges from 0.05 to 10 pm in aerodynamic
diameter. The Berner impactor PM, ; nitrate values were much closer to those f;rom the denuded
nylon filter than those from the Teflon filter with the impactor nitrate being approximately
2% lower than the nylon filter nitrate for the fall measurements and approximately 7% lower
during the summer measurements. When the impactor collection was compared to the Teflon
filter collection for a nonvolatile species (sulfate), the resuits were in agreement.

It should be noted that filters or collection surfaces were removed immediately after
sampling and placed into vials containing a basic extraction solution during these
intercomparison studies. Therefore, losses that might occur during handling, storage, and
equilibration of filters or impaction surfaces were avoided. The loss of nitrate observed from
Teflon filters and impaction surfaces in this study, therefore, is a lower limit compared to losses

that might occur during the normal processes involved in equilibration and weighing of filters

‘and impaction surfaces. Brook and Dann (1999) observed much higher nitrate losses during a

study in which they measured particulate nitrate in Windsor and Hamilton, Ontario, Canada, by
three techniques: (1) a single Teflon filter in a dichotomous sampler, (2) the Teflon filter in an
annular denuder system (ADS), and (3) total nitrate including both the Teflon fiiter aﬁd the
nylon back-up filter from the ADS. The Teflon filter from the dichotomous sampler averaged
only 13% of the total nitrate. The Teflon filter from the ADS averaged 46% of the total nitrate.
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The authors concluded that considerable nitrate was lost from the dichotomous sampler filters
during handling, which included weighing and x-ray fluorescence (XRF) measurement in a
vacuum.

Kim et al. (1999) also examined nitrate sampling artifacts by comparing denuded and
undenuded quartz and nylon filters, during the PM,, Technical Enhancement Program (PTEP) in
the South Coast Air Basin of California. They observed hegative nitrate artifacts (losses) for
most measurements; however, for a significant number of measurements they observed positive
nitrate artifacts. Kim et al. (1999) pointed out that random measurement errors make it difficult
to measure true amounts of nitrate loss.

Diffusion denuder samplers, developed primarily to measure particle strong acidity
(Koutrakis et al., 1988a,b, 1992), also can be used to study nitrate volatilization. Such
techniques were used to measure loss of particulate nitrate from Teflon filters in seven U.S.
cities (Babich et al., 2000). Measurements were made with two versions of the Harvard-EPA
Annular Denuder System (HEADS). Nitric acid vapor was removed by a Na,CO;-coated
denuder. Particulate nitrate was the sum of nonvolatile nitrate coltected on a Teflon filter and
volatized nitrate collected on a Na,CO;-coated denuder downstream of the Teflon filter (full
HEADS) or on a Nylon filter downstream of the Teflon filter (Nylon HEADS). It was found that
full HEADS (using a Na,CO; denuder) consistently underestimated the total particulate nitrate
by approximately 20% compared to the nylon HEADS. Nonvolatilized nitrate was also
measured on a Teflon filter from collocated Harvard Impactors (HI). The PM, ; HI sampler, like
the PM, s FRM, use impactors with a 50% cut at 2.5 pm. The HI uses a 37 mm filter and a flow
rate of 10 L/min (0.465 L/min/cm’) which the FRM uses a 47 mm filter and a flow rate of 16.7
L/min (0.481 L/min/cm’®). Therefore, the flow rate and pressure drop across the filters are
similar and the loss of nitrate should be similar in both types of samples. Babich et al. (2000)

- found significant nitrate losses in Riverside, CA; Philadelphia, PA; and Boston, MA but not in

Bakersfield, CA; Chicago, IL; Dallas, TX; or Phoenix, AZ where measurements were made only
during winter. '

Eatough et al. (1999a) developed a high-volume diffusion denuder system in which
diffusion denuder and particle concentrator techniques were combined (see Section 2.2.3.2). The
particle concentrator reduces the flow through the denuder so that the denuder can be operated

for weeks without a loss of collection efficiency, making the sampler suitable for routine field
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sampling. The system was evaluated for the collection of fine particulate sulfate and nitrate in
Riverside, CA (Eatough et al., 1999b). Concentrations of PM, ; nitrate obtained from the PC-
BOSS agreed with those obtained using the Harvard-EPA Annular Denuder Sampler, HEADS
(Koutrakis et al., 1988b). '

Particulate Organic Compounds

Many semivolatile organic compounds (SVOC) are of interest because of their possible
health effects. SVOC include products of incomplete combustion such as polycyclic aromatic
hydrocarbons (PAHs) énd polycyclic organic matter, which has been identified as a hazardous
air pollutant. PAHs also have been suggested as alternative particulate tracers for automobile
emissions because the phase-out of organo-lead additives to gasoline means that lead is no
longer a good tracer for automobiles (Venkataraman et al., 1994). PAHs also are emitted during
biomass burning, including buming of cereal crop residues and wood fuels (Jenkins et al., 1996;
Roberts and Corkill, 1998).

A number of studies have used absorbing material following quartz filters to determine
phase equilibria of specific organic compounds (Liang et al., 1997; Gundel et al., 1995; Kamens
et al., 1995). Much work has also gone into the deveiopmcnt of a theory to help understand the
phase relationships (Yamasaki et al., 1982; Rounds and Pankow, 1990; Pankow, 1987, 1994a,b;
Pankow et al., 1993; Rounds et al., 1993; Odum et al., 1994). The theory describing phase
equilibria of semivolative organic compounds (SVOC) and the gas/particle partitioning of SVOC
on inorganic, organic, and ambient smog aerosols continues to be developed (Liang et al., 1997;
Jang et al., 1997, 1999; Strommen and Kamens, 1997; Jang and Kamens, 1998, 1999, 2001;
Leach et al., 1999; Kamens et al., 1999, 2001).

The mass of organic and elemental carbon is usually determined by analysis of PM
collected on a quartz filter. However, quartz fiber filters have a large specific surface area on
which adsorption of gases can occur. Possible artifacts associated with adsorption of organic
gases onto quartz filters have been examined in experiments in which two quartz fiber filters
were deployed in series. The second quartz filter may indicate gaseous volatile organic
compounds (VOC) adsorbed on both filters (positive artifactj, SVOC evaporated from particles
on the first filter and subsequently adsorbed on the second filter (negative artifact), or a

combination of both effects. Unless the individual compounds are identified, the investigator
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does not know what to do with the loading value on the second filter (i.e., to add or subtract from
the first filter loading value). Moreover, even if the individual compounds were identified on the
back-up filter, the decision concerning adding or subtracting the back-up filter loading would not
be straightforward.

The positive quartz filter artifact has been discussed by Gundel et al. (1 995) and Turpin
et al. (2000). It is also possible that some SVOC may desorb from the filter resulting in a
negative artifact (Eatough et al., 1993; Tang et al., 1994; Eatough et al., 1995; Gundel et al.,
1995: Cui et al., 1998; Pang et al., 2001; Finn et al., 2001). Semivolatile organic compounds can
similarly be lost from Teflon filters because of volatilization, causing the PM, 5 mass to be
significantly underestimated (negative artifact). Like particulate nitrates, the FRM for PM, ; will
suffer loss of SVOC, similar to the losses experienced with other simple filter collection
systems. Most studies that have focused on the positive and negative sampling artifacts
associated with SVOC compounds have utilized either diffusion denuder technology (Eatough
et al., 1995; Mader et al., 2001) or placed an adsorbent media, such as a back-up quartz filter or a
polyurethane foam adsorbent behind the main filter (W allace and Hites, 1995). Further
information on denuder techniques are given in Appendix 2A.

Using their multichannel diffusion denuder sampling system (BOSS), Eatough et al. (1995)
reported that, for samples collected at the South Coast Air Quality Management District
sampling site at Azusa, CA, changes in the phase distribution of SVOC could result in 2 loss on
average of 35% of the particulate organic material. Cui et al. (1998) found that losses of SVOC
from particles in the Los Angeles Basin during the summer were greater during the night
(average = 62%) than during the day (average = 42%).

The percent SVOC lost from the front filter in a filter-denuder system may be greater than
that lost in a filter-only system such as the FRM. In a filter-denuder system, the gas-phase
component of the SVOC is removed. The absence of the gas-phase causes the gas-particle
equilibrium to shift so the SVOC collected on the ﬁlter may evaporate more rapidly in a filter-
denuder system than in a filter-only collection system. To determine the fraction of SVOC lost
from a Teflon filter in a filter-only system, it i$ necessary to compare the amount measured by a
nondenuder system with that measured by a denuder system. At present, little information is
available on the volatilization losses of SVOC. However, in one study (Pang et al., 2001), the

total mass on denuded and undenuded filters were compared and found to be identical within
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error limits (R = 0.816, slope = 0.961 + 0.027 for total mass compared to R? = 0.940, slope =
0.986 + 0.020 for sulfate). Pang et al. interpreted this result as suggesting that the major cause of
loss of SVOC is the pressure drop across the filter.

Positive artifacts may occur during sample collection because of the adsorption of gases
onto the filter materials (e.g., Gundel et al., 1995). Using a quartz filter behind a Teflon filter,
Kim et al. (2001a) estimated that on an annual average basis 30% of the PM, ; organic carbon
concentration resulted from positive artifacts. There is a larger positive artifact because of
greater adsorption of organic vapor onto quartz fiber filters than onto Teflon filters (Turpin et al.,
1994; Chow et al., 1994a,b, 1996; Eatough et al., 1996; Finn et al., 2001; Kirchstetter et al.,
2001).

Kirchstetter et al. (2001) report that adsorptive properties of quartz fiber filters vary with’
lot number; therefore, front and back-up fiiters should be taken from the same lot. The literature
suggests that a Teflon filter followed by a quartz back-up filter appears to provide a better
estimate of the adsorption of gases on a quartz fiber front filter than does a quartz filter followed
by a unartz backup and that the difference between these two adsorption estimates can be
substantial for short durations (Novakov et al., 1997; Kirchstetter et al., 2001; Turpin et al.,
2000). The typically lower organic carbon loadings on concurrently collected quartz followed
by quartz filters relative to Teflon followed by quartz filters are believed to occur because
adsorption on the quartz front filter acts to reduce the gas-phase concentration downstream until
adsorption equilibrium has been achieved in the vicinity of the front quartz filter surface.
Because Teflon filters have little affinity for organic vapors, this equilibrium occurs almost
instantaneously for Teflon filters, and the Teflon-quartz back-up filter is exposed to the ambient
concentration of organic vapors from the beginning of the sampling period. It might be expected
that the quantity of organic vapor adsorbed on quartz filters would depend on the organic
composition and would vary by season and location. However, it is also possible that the quartz
possesses a limited number of adsorption sites which are rapidly occupied so that the quantity of
OC on the back up filter would be relatively constant and depend on the prefreatment of the
quartz.
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Combined Measurement of Semivolatile Nitrate and OC and Nonvolatile Species (OC, EC,
Nitrate, and Sulfate)

Fine particles in urban atmospheres contain substantial quantities of semivolatile material
(e.g., NH,NO, and semivolatile organic compounds [SVOC]) that are lost from particles during
collection on a filter. Several diffusion denuder samplers have been developed for the
determination of both NO, and organic semivolatile fine particulate components as well as
nonvolatile nitrate and organic compounds and nonvolatile sulfate (Pang et al., 2001; Eatough

etal,, 1993). The combination of technology used in the BOSS diffusion denuder sampler and

the Harvard particle concentrator has resulted in the Particle Concentrator-Brigham Young

University Organic Sampling System (PC-BOSS) for the 24-hr integrated collection of PM, 5,
including NH,NO, and semivolatile organic material. Modifications of the BOSS sampler allow
for the determination of these same species on a time scale from a few hours to weekly (Ding et
al., 2002; Eatough et al., 1999a,b; 2001). Episodic studies have been conducted in Riverside,
CA and Bakersfield, CA (Obeidi et al., 2002) and Provo, UT (Obeidi and Eatough, 2002). The
average concentration of semivolatile and nonvolatile components in the three cities, during the

study periods, are shown in Figure 2-19.

2233 Continuous Measurement of Semivolatile and Nonvolatile Mass

Techniques for the continuous measurement of PM mass is needed both to provide
real-time information on pollution levels (Long et al., 2002} and to reduce the costs involved in
visiting sites to change filters and in the equilibration and weighing of filters. Two techniques
are currently in use for the continuous measurement of PM mass. The TEOM is normally
operated at 50° C in order to remove particle-bound water. Howéver, at 50° C most semivolatile
material is also evaporated. Therefore, the TEOM, operated at 50° C, may be considered to
measure the mass of nonvolatile PM. The beta gauge mass monitor changes the filter more
frequently than the TEOM and is less sensitive to changes in mass caused by changes in relative
humidity. It does not control the temperature at the filter. However, most beta gauge monitors
heat the inlet. This heating causes evaporation of a substantial fraction of the particle-bound
water and an unknown fraction of the semivolatile PM. Thus, the beta gauge may be considered
to measure the nonvolatile PM plus a small fraction of the particle-bound water and an unknown
fraction of the semivolatile PM. Three new techniques have been developed to address the issue

of lost semivolatile PM mass.
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Figure 2-19. Average concentration of nonvolatile and semivolatile PM components in
three cities (ng/m?).

Source: Obeidi and Eatough (2002); Obeidi et al. (2002).
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Real-Time Total Ambient Mass Sampler (RAMS)

The RAMS, a monitor based on diffusion denuder and TEOM monitor technology, has
been developed, validated, and field tested for the real-time determination of total fine PM mass,
including semivolatile PM (Eatough et al., 1999a; Obeidi and Eatough, 2002; Obedi et al., 2002;
Pang et al., 2001). The RAMS measures the total mass of collected particles including
semivolatile species with a TEOM monitor using a “sandwich filter.” The sandwich contains a
Teflon coated patticle collection filter followed by a charcoal-impregnated filter (CIF) to collect
any semivolatile species lost from the particles during Sampling. Because the instrument
measures total mass collected by the sandwich filter, all gas phase compounds that can be
adsorbed by a CIF must be removed from the sampling stream prior to the TEOM monitor.
Laboratory and field validation data indicate that the precision of fine PM mass determination is
better than 10%. The RAMS uses a Nafion dryer to remove particle-bound water from the
suspended particles and a particle concentrator to reduce the amount of gas phase organics that
must be removed by the denuder. An example of data from the RAMS, the TEOM, and the
PC-BOSS is shown in Figure 2-20. This figure also shows the PM, ; mass from the TEOM as
being negative for the hours of 16 to 19. This likely results from the loss of volatile materials
from the heated filter.

Differential TEOM
Patashnick et al. (2001) developed a differential TEOM system that is based on a pair of

TEOM sensors, each of which is preceded by its own electrostatic precipitator (ESP) and
downstream from a common size selective inlet. By alternately switching the ESPs on and off
and out of phase with each other, the two sensors measure “effective mass” thétA includes both
the nonvolatile component and the volatile component sampled by the TEOM, less the volatile
component that vaporized during the sampling interval. On the sensor side with the ESP turned
on, there is no particle collection on that filter so that only volatilization of previously collected
particles continues. This allows a correction for the effective mass as measured by the first
sensor by subtracting out the volatilization artifact and leaving the nonvolatile and volatile
components of the particulate matter. This system has yet to be well characterized for other
biases or interferences such as reactions on the filters, particle collection efficiency of the ESPs,

and particle and semivolatile material losses.
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Figure 2-20. Comparison of mass measurements with collocated RAMS (real-time data),
PC-BOSS (1-h data), FRM PM, ; sampler (average of 24-h data), and a
conventional TEOM monitor (real-time data). The semivolatile fine
particulate matter is sampled with the RAMS and PC-BOSS, but not with
the TEOM monitor or the FRM PM, ; single filter sampler. The PC-BOSS
provides information on both the nonvolatile component (NV) and the
semivolatile organic component (SVOC).

Source: Eatough et al. (1999a).

Continuous Ambient Mass Monitor (CAMM)

Koutrakis and colleagues (Koutrakis et al., 1996; Wang, 1997) have developed CAMM, a
technique for the continuous measurement of ambient particulate matter mass concentration
based on the measurement of pressure drop increase with particle loading across a membrane
filter. Recently, Sioutas et al. (1999) examined the increase in pressure drop with increasing
particle loading on Nuclepore filters. They tested filters with two pore diameters (2 and 5 pm)
and filter face velocities ranging from 4 to 52 cm s and examined the effects of relative
humidity in the range of 10 to 50%. Tﬁcy found that, for hygroscopic ammonium sulfate

particles, the change in pressure drop per unit time and concentration was a strong function of
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relative humidity, decreasing with increasing relative humidity. These results suggest that
particulate concentration measurements, similar to the method of Koutrakis et al. (1996) that
uses the pressure drop method, may be subject to additional uncertainties if used in an
environment where the ambient relative humidity is quite variable and the relative humidity
where the particles are measured cannot be controlled accurately. The current version of the
CAMM (Wang, 1997) uses a particle concentrator, a Nafion dryer, and frequently moves the
filter tape to avoid artifacts due to evaporation of semivolatile components from the active
portion of the filter tape which would occur if the atmospheric concentration of the semivolatile
components decreased.

The CAMM was recently operated alongside a gravimetric PM method (the Harvard
Impactor, or HI) in seven U.S. cities selected for their distinctly different ambient particulate
compositions and densities. The correlation between the two methods was high, with an overall
£ of 0.90 and average CAMM/HI ratio of 1.07 (Babich et al., 2000).

2.2.4 U.S.Environmental Protection Agency Monitoring Methods

22.4.1 The Federal Reference Methods for Measurement of Equilibrated Mass for PM,,,
PM, ;, and PM,, 5

In 1997, EPA promulgated new standards for PM, ; to address fine-fraction thoracic
particles and retained with minor revisions the 1987 PM, standards to continue to address
coarse-fraction thoracic particles (Federal Register, 1997). In partial response to numerous
challenges to these standards, the U.S. Court of Appeals for the District of Columbia Circuit in
American Trucking Association v. EPA, 175 F. 3d 1027 (U.S. Court of Appeals, D.C. Cir. 1999)
found “ample support” for regulating coarse-fraction particles but revoked the revised PM,,
standards (leaving in effect the 1987 PM,, standards) on the basis of PM,, being a “poorly
matched indicator for coarse particulate pollution” because PM,, includes fine particles.
Consistent with this specific aspect of the Court’s ruling, which EPA did not appeal, EPA is now
considering use of PM,,, ; as the indicator for coarse-fraction thoracic particles, in conjunction
with PM, s standards that address fine-fraction thoracic particles. Thus, EPA is now developing

a Federal Reference Method for the measurement of PM,g; 5.
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2.2.4.1.1 PM,,

The FRM specified for measuring PM,, (Code of Federal Regulations, 2001a,b) has been
discussed in previous PM AQCD’s and will only be mentioned briefly. The PM,, FRM defines
performance specifications for samplers in which particles are inertially separated with a

penetration efficiency of 50% at an aerodynamic diameter (D,) of 10+ 0.5 pm. The collection
efficiency increases to =~ 100% for smaller particles and drops to = 0% for larger particles.
Particles are collected on filters and mass concentrations are determined gravimetrically.

Instrument manufacturers are required to demonstrate through field tests a measurement
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precision for 24-h samples of + 5 pg/m® for PM,, concentrations below 80 pg/m* and 7% above

o
o

this value. A number of samplers have been designated as PM,, reference samplers. The TEOM
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and several beta gauge samplers with 1-h time resolution have been designated as automated

p—
3]

equivalent methods (U.S. Environmental Protection Agency, 2001).

—
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22412 PM,,
In contrast to the performance-based FRM standard for PM,,, the FRM for PM,  (Code of
Federal Regulations, 2001a) specifies certain details of the sampler design, as well as of sample

e T
~] &N L

handling and analysis, whereas other aspects have performance specifications (Noble et al.,

ek
o0

2001). The PM, ; FRM sampler consists of a PM,, inlet/impactor, a PM, ; impactor with an oil-
soaked impaction substrate to remove particles larger than 2.5 pm D,, and a 47-mtn PTFE filter

B
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with a particle collection efficiency greater than 99.7%. The sample duration is 24 h, during

[ ]
—

which time the sample temperature is not to exceed ambient temperatures by more than 5 °C.

[
3]

A schematic diagram of the PM, s FRM sample collection system is shown in Figure 2-21. After

)
[F%)

collection, samples are equilibrated for 24 h at temperatures in the range of 20 to 23 °C (2 °C)

]
o+

and at relative humidities in the range of 30 to 40% (% 5%). The equilibration tends to reduce

]
W

particle-bound water and stabilizes the filter plus sample weight. Filters are weighed before and

[\
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after sampling under the same temperature and relative humidity conditions. For sampling

[
~J

conducted at ambient relative humidity less than 30%, mass measurements at relative humidities

down to 20% are permissible (Code of Federal Regulations, 2001a).

NN
=2 -]

The PM,, inlet specified for the PM, ; FRM is modified from a previous low flow-rate

w
=

PM,, inlet that was acceptable in both EPA-designated reference and equivalent PM,, methods.

(S ]
ol

The modification corrects a flaw that was reported for the previous sampler, in that under some
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Figure 2-21. Schematic diagram of the sample collection portion of the PM, ; FRM
sampler.

Source: Noble et al. (2001).

meteorological conditions, the inlet may allow precipitation to penetrate the inlet. The
modification includes a larger drain hole, 2 one-piece top plate, and louvers. Tolocka et al.
(2001a) evaluated the performance of this modified inlet in a series of wind tunnel experiments.
The modified inlet was found to provide a size cut comparable to the original inlet, for both

PM, ; and PM,, sampling. Since the modification did not change the characteristics of the size

cut, the modified inlet may be substituted for the original inlet as part of a reference or

equivalent method for PM,, and PM, ; (Tolocka et al., 2001a).
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WINS Impactor. Design and calibration of the EPA PM, s Well Impactor Ninety-Six
(WINS) is given by Peters et al. (2001a). The WINS impactor was designed to be deployed

[
(=]

downstream of the Graseby-Andersen 246B PM,, inlet as part of a sampler operating at a flow
rate of 16.7 L/m. The WINS is pictured in Figure 2-22. The PM, ; inlet consists of a single jet,

p— b
LV I S

directed toward a round hole, with a jet exit impaction surface comprised of a 37 mm diameter
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Figure 2-22. Schematic view of the final design of the WINS.

Source: Peters et al. (2001a).

glass fiber filter immersed in 1 ml of low volatility diffusion pump oil (i.¢., the well). Particles
not having enough inertia to be removed by the impactor are captured downstream Von the sample
collection filter. This design was selected to minimize impactor overloading that would
otherwise result in particle bounce. The oil wicks through the particulate deposit on the
impactor to provide a continuously wetted surface for impaction. The penetration curve
indicated a 50% cutpoint of 2.48 pm D, with a geometric standard deviation of 1.18
(Figure 2-23).

‘The WINS separator was evaluated for its loading characteristics (Vanderpool et al., 2001)

'by monitoring the performance after repeated operation in an artificially' generated, high

concentration, coarse-mode aeroso!l composed of Arizona Test Dust, as well as in the field in
Rubidoux, Phoenix, Philadelphia, Research Triangle Park, and Atlanta. In the wind tunnel
experiments, the WINS performance was found to be a monotonic function of loading. A minus
5% bias in the PM, ; measurement resulted from a coarse particulate loading of approximately

16 mg. This negative bias was due to a slight reduction in the separator cutpoint. It was also
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Figure 2-23. Evaluation of the final version of the WINS.

Source: Peters et al. (2001a).

found that the predictable results from the controlled laboratory experiments could not be
extrapolated to field settings and that the WINS performance was more sensitive to the impactor
loading in the field than it was in experiments with the single component acrosol. Significant
particle bounce was not observed in either the laboratory or the field experiments. Vanderpool
et al. (2001) concluded that their study supports the recommendation that the FRM WINS wells
should be replaced after every 5 days of 24-h operation (U.S. Environmental Protection Agency,
1998).

A detailed sensitivity study of the WINS impactor was conducted (Vanderpool et al., 2001)
in which the effects on the impactor performance of a number of parameters were examined.
The results of this study are summarized in Table 2-3.

The regulations also allow for Class I, 11, and I1I equivalent methods for PM, s (Code of
Federal Regulations, 2001c). Class I equivalent methods use samplers with relatively small
deviations from the sampler described in the FRM. Class Il equivalent methods include “all

other PM, ; méthods that are based upon 24-h integrated filter samplers that are subjected to
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TABLE 2-3. SUMMARY OF SENSITIVITY STUDIES OF WINS IMPACTOR
PERFORMANCE

: . PM, ; mass
Parameter Amount of variance Cutpoint variation concentration bias

Manufacturing tolerances Specified tolerances 0.05 micrometers <1%
on WINS components -

Flow control biases 4% 0.05 micrometers Cutpoinf shift partially offset
volume bias

T and P measurement Allowable ambient + 0.02 micrometers +0.4%

Diffusion oil volume 0.75mito 3mi No effect

Impactor loading After 5 24 h events -0.07 micrometers <1.5%

Ambient P variations Negligible Negligible

Air Properties 2.40 micrometers NA

Impactor oil crystallization No effect No effect

Impactor ol viscosity No effect No effect

Need to change WINS more frequently than every
5 days

Source: Vanderpooi et al. (2001).

subsequent moisture equilibration and gravimetric mass analysis.” Class III equivalent methods

include non-filter-based methods such as beta attcnuatidn, harmonic oscillating elements, or
nephelometry (McMurry, 2000). As of July 2001, 11 PM, ; samplers (listed in Table 2-4) had
been tested and led to the conclusion that the PM,, sampling systems can be designed such that
concentration measurements are precise to + 10%. For PM, ;, cutpoint tolerances are not
expected to affect the mass concentration as much as for PM,, because the 2.5 um D, cutpoint
generally occurs near a minimum in the mass distribution (e.g., Figure 2-5).

The PM, ; mass concentration will be affected, on the other hand, by other sampling issues
mentioned but not discussed extensively in the previous 1996 PM AQCD (U.S. Environmental

Protection Agency, 1996a). These issues have been discussed earlier in this chapter and include

- gas/particle, particle/particle, and particle/substrate interactions for sulfates and nitrates (e.g.,

Appel et al., 1984), volatilization losses of nitrates (Zhang and McMurry, 1992), semivolatile
organic compound artifacts (e.g., Eatough et al., 1993), and relative humidity effects (e.g.,
Keeler et al., 1988). '

June 2003 DRAFT-DO NOT QUOTE OR CITE




AC-TN -G - T . I~ S s

e e
R W R = O

TABLE 2-4. PM, ; SAMPLERS CURRENTLY DESIGNATED AS FRMs FOR
PM, . MASS CONCENTRATIONS

Sampler Manufacturer Description Federal Register Reference
RAAS2.5-100 Andersen Instruments FRM single Vol. 63, p. 31991, 6/11/98
RAAS2.5-300 Andersen Instruments FRM sequential Vol. 63, p. 31991, 6/11/98
RAAS2.5-200 Andersen Instruments FRM audit Vol. 64, p. 12167, 3/11/99
Partisol 2000 Rupprecht & Patashnick FRM single Vol. 63, p. 18911, 4/16/93
Partisol-Plus 2025 Rupprecht & Patashnick FRM sequential Vol. 63, p. 18911, 4/16/98
Partisol 2000 audit Rupprecht & Patashnick FRM audit Vol. 64, p. 19153, 4/19/99
PQ 200 BGIL, Inc. FRM single Vol. 63, p. 18911, 4/16/98
PQ 200A BG, Inc. FRM audit Vol. 63, p. 18911, 4/16/98
605 CAPS ThermoEnvironmental Instruments = FRM single Vol. 63, p. 58036, 10/29/98
MASS 100 URC FRM single Vol. 65, p. 26603, 05/08/00
MASS 300 URC FRM sequential Vol. 65, p. 26603, 05/08/00

Source: Peters et al. (2001b); U.S. Environmental Protection Agency (2001).

Several studies now have been reported in which the FRM was collocated with other PM, 5
samplers in intercomparison studies. During the Aerosol Research and Inhalation Epidemiology
Study (ARIES), several PM, ; samplers were collocated at a mixed industrial-residential site near
Atlanta, GA (Van Loy et al., 2000). - These samplers included a standard PM, ; FRM, a TEOM
with Nafion drier, a particulate composition monitor (PCM; Atmospheric Research and
Analysis, Cary, NC), 2 medium-volume (113 L/min flow rate) fine particle (PM, ;) and
semivolatile organic compound (i.e., a filter followed by a solid adsorbent) sampler, operated by
the Desert Research Institute, a HEADS sampler, and a dichotomous sampler for coarse PM.
The PCM sampler has three channels, all of which have PM,, cyclone inlets. The first two
channels both have two denuders preceding a 2.5-pm WINS impactor and filter packs. The first
denuder is coated with sodium carbonate to remove acid gases, and the second is coated with
citric acid to remove ammonia. The third channel has a carbon coated parallel-plate denuder
preceding the WINS impactor. Measurements of 24-h mass from the FRM, PCM, and TEOM
samplers, as well as reconstructed PM, ; mass (RPM), were compared for a 12-mo period. The
slopes for the TEOM-FRM, PCM-FRM, and RPM-FRM correlations were 1.01, 0.94, and 0.91,
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respectively; whereas the y-intercepts for each were 0.68, 0.04, and 0.98. Particulate sulfate
measurements on the FRM Teflon filter, the PCM Teflon filter, and PCM Nylon filter were
nearly identical. Nitrate results from the three filters were much less consistent, with the FRM
collecting substantially less nitrate than that collected on either the denuded nylon filter or a
denuder followed by a Teflon-nylon filter sandwich. Particulate ammonia measurements were
also compared and showed more scatter than the sulfate measurements but less than the nitrate
measurements.

An intercomparison of both PM;, and PM, ; mass measurements was conducted during the
1998 Baltimore PM Study (Williams et al., 2000). PM monitors were collocated at a residential
indoor, residential outdoor, and ambient monitoring site within Baltimore County, MD. PM
samplers included TEOMs, PM, ; FRMs, cyclone-based inlets manufactured by University
Research Glassware (URG), and Versatile Air Poilution .Samplers (VAPS). The VAPS sampler
is a dichotomous sampler operating at 33 L/min (one coarse particle channel! at 3 L/min, and two
fine particle channels at 15 L/min, each). In the configuration employed during this study, one
fine particle channel was operated with a Teflon filter backed by a nylon filter and preceded by a
sodium carbonate coated annular denuder; the second fine particle channel had a quartz filter
preceded by a citric acid-coated annular denuder; and the coarse particle channel had a
polycarbonate filter followed by a Zefluor filter for flow distribution. Differences in PM, ; mass
concentrations between the samplers, although not large, were attributed to potential particle
nitrate losses, denuder losses, and losses of SVOC for some samplers. Differences between
coarse particulate mass concentrations, on the other hand, varied widely between the
insfruments.

In another intercomparison study, Tolocka et al. (2001b) examined the magnitude of
potential sampling artifacts associated with the use of the FRM by collocating FRM:s alongside
other chemical speciation samplers at four U.S. cities. The locations included a high nitrate and
carbon, low sulfate site (Rubidoux, CA); high crustal, moderate carbon and nitrate site
(Phoenix); high sulfate, moderate carbon, and low nitrate (Philadelphia); and low PM, ; mass
(Research Triangle Park, NC). The use of Teflon and heat-treated quartz filters was also
examined in this study. The Teflon filters collected less nitrate than the heat-treated quartz
filters. Filters in samplers using denuders to remove organic gases collected less organic PM

than filters in samplers without denuders.
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Peters et al. (2001b) compiled the resuits of several field studies in which a number of
FRM and other PM, ; samplers were intercompared. In addition to the FRM samplers listed in
Table 2-3, other PM, ; samplers included the Sierra Instruments dichotomous sampler, the
Harvard impactor, the IMPROVE sampler, and the Air Metrics saturation monitor. Results were
compiled from PM, ; field studies conducted in Birmingham, Denver, Bakersfield, Phoenix,
Research Triangle Park, Atlanta, and Rubidoux. Limited studies on precision for the non-FRM
samplers suggest that the Harvard Impactor and dichotomous samplers had the lowest coefficient
of variations (CV), with both under 10%. The CV for this study was calculated by dividing the
sample standard deviation by the average concentration. The IMPROVE samplers had CVs
between 10 and 12%, and the Air Metrics samplers had the highest observed CVs, over 15%.

In intercomparisons with FRM samplers, the non-FRM samplers showed strong linear
relationships in comparison to the FRM sampler; however, none of the comparisons passed the
current EPA Subpart C equivalent method criteria, which EPA is in the process of revising.

Detailed information on precision of PM samplers used in monitoring networks may be
found in EPA’s Technology Transfer Network website (U.S. Environmental Protection Agency,
2002a).

22413 PM;y,s

Measurement techniques for PM,g, 5 are somewhat more complex than those for PM, 5 or
PM,, because, for PMw_z_s_, it is necessary to isolate a size fraction between an upper 50% cut
point of 10 pm D, and a lower 50% cut point of 2.5 pm D,. EPA is currently developing an

FRM for PM,,,s. Several candidate techniques are discussed below.

The Difference Method. One approach to measurement of PM,,, 5 is to make separate

measurements of PM,, and PM, ; and take the difference of the resulting equilibrated masses.
One problem is that, if either the PM, 5 or the PM,, sampler fails, no PM,, s measurement can be
obtained. In addition, errors in cﬁt—point, flow rate, and filter weights (both before use and after
collection and equilibration of particles) and uncertainties due to loss of semivolatile
components of PM may occur for each size cut. Careful control of flow rate and equivalent
treatment of PM,, and PM, ; filters in terms of pressure drop across the filter and temperature of

the filter during and after collection can improve precision and accuracy. Allen et al. (1999a)
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summarized several sampling issues to consider in measuring coarse particulate mass by
difference, including the use of identical instrumentation (except cutpoints), filter media, filter
face velocity, and ambient-filter temperature differences; common flow measurement devices:
use of higher sampler flow rates (10 L/min minimum for 24-h sample is recommended); and
avoiding excessive filter loading. The concern, expressed by Allen et al. (1999a), that the “pie-
plate” inlet required by the final version of the PM, ; FRM might have a different cut point than
the “flat-top” inlet of the PM,, FRM, has been addressed by a wind tunnel study which found
both to have an appropriate PM,, cut point (Tolocka et al., 2001a)."

Since the difference method requires weighing two filters, the key to obtaining high
precision in the coarse mass measurement is precise measurements of filter weights. Allen et al.
(1999a) discuss techniques for increasing the precision of the.difference method by reducing
errors in filter weights. These include proper temperafure and humidity controls, use of a high
quality microbalance, 100% replicate weighings, control of static charge, aging of new filters,
weighing of a sufficient number of laboratory blank filters, and accounting for buoyancy errors

caused by variability in barometric pressure. Allen et al. (1999a) emphasize the necessity of

‘replicate weighing of filters and a third weighing if the difference between the first two weights

exceeds a specified minimum, Lawless et al. (2001) investigated the magnitude of uncertainties
attributed to fluctuations in some of these parameters (humidity, température, drafts, vibration,
and electrostatic charges) and recommended methods for improving their control. Koistinen

et al. (1999) and Hinninen et al. (2002) give a excellent discussion of the procedures developed
to overcome problems associated with gravimetric measurements of PM, s mass in the EXPOLIS
(The Air Pollution Exposure Distributions Within Adult Urban Populations in Europe) Study.
They discuss factors such as corrections for buoyancy, elimination of static charge, and increases
in the mass of blank filters with time. The establishment of a temperature and humidity
controlled room required for the equilibration and weighing of filters for the FRM is expensive.
Allen et al. (2001) describe a more cost-effective technique that uses a chamber with relative
humidity controlled at 34% relative humidity by a saturéted a;:;ueous solution of MgCl,.

Allen et al. (1999a) recommend that, in reporting precision from collocated samplers both
the (CV) and the square of the correlation coefficient () be reported. For a study in Boston with
27 pairs of mass data from collocated PM,, and PM, s using standard weighing methods, they
obtained a CV of 4.7% and an 1* of 0.991 for PM, ;, a CV of 4.4% and an 1* of 0.994 for PM,,, .
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and a CV of 15% and an 1° of 0.88 for PM,,, ;. By using duplicate weighings and other
techniques suggested for improving precision, they obtained a CV of 1.3% and an > of 0.998 for
PM, ; in a study in Chicago with 38 collocated measurements. On the basis of the improvement
in the CV for PM, , they estimate that use of the recommended techniques for PM;g ;5 by
difference would have yielded a CV of 3.8% and an r* of 0.98 if they had been applied in the
Chicago study.

Multistage Impaction. A second technique involves the use of impaction to isolate the
size fraction between 2.5 and 10 um D,. In the impaction process, the air stream is first
accelerated through a small hole (nozzle) or slit. The air stream is directed so that it “impacts™
on a surface. Depending on the velocity and pressure of the air stream, particles smaller than a
certain size will follow the air stream around the impactor surface. Larger particles will impact
on the surface. In practice, impactors bave 50% cut points similar to those for the rejection of
larger particles in PM, s and PM,, samples (see Figure 2-6).

Multistage impactors are used to separate particles into several size fractions for the
determination of mass and chemical composition as a function of size (Wang and John, 1988;
Marple et al., 1991). The major problem with the use of impactors to separate the 10-2.5 ym D,
fraction of coarse particles (thoracic coarse PM) is bounce. Coarse particles tend to be dry, solid
particles. When they hit a hard surface, they can bounce and be carried away with the air stream
(e.g., Dzubay et al., 1976; Wesolowski et al., 1977; Rao and Whitby, 1978; Cheng and Yeh,
1979; Wang and John, 1987; John and Sethi, 1993). Various techniques have been used to
reduce bounce. One technique is to use a porous substance such as a glass or quartz fiber filter
(Chang et al., 1999) matetial or a polyurethane foam (Breum, 2000; Kavouras and Koutrakis,
2001). These techniques may result in less precise separation and yield a sample that must be
extracted before chemical analyses can be performed. Another technique is to coat the impactor
with a soft wax or grease (Rao and Whitby, 1977; Turner and Hering, 1987; Pak et al.,‘ 1992).
This can cause problems with weighing and chemical analyses. In addition, as the deposit of
particles builds up, incoming particles may not hit the soft surface, but instead hit a previously
collected hard particle and bounce off of it. The WINS impactor discussed earlier uses a filter in

a well of low volatility oil to ensure a wetted surface at all times. However, such a technique,
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while appropriate for removing unwanted particles, would not yield a particle sample suitable for

weighing or for chemical analyses.

Virtual Impaction. The problems of bounce and blow off of particles from impactors,
especially for the collection of large quantities of particles, was addressed by aerosol scientists in
the mid-1960s by the development of what is now known as “virtual” impaction (Hounam and
Sherwood, 1965; Conner, 1966).

In a virtual impactor, a hole is placed in the impaction plate just below the accelerating jet.
Two controlled flows allow a fraction, e.g., 10% (or another predetermined fraction, typically 5 -
20%), of the air containing the coarse particles to go through the hole and through a filter (minor

flow). A 10% minor flow gives a coarse channel enrichment factor of 10. The remaining

fraction (e.g., 90% of the airflow) containing the fine particles follows a different path and goes

through a second filter (major flow). The upper cutpoint is usually set by the inlet (e.g.,

10 pum D,). The flow rates, pressures, and distance from the nozzle to the virtual impactor
surface can be varied to direct particles with an D, greater than the lower cutpoint (i.e.,

>2.5 pm} to go through the hole and be collected on the first filter and to direct smaller particles
(i.e., <2.5 pm) to flow around the impactor be collected on the second filter. Large particles
“impact” into the hole with a small amount of the air flow. The smaller particles follow the
major air flow around the impactor plate. This technique overcomes the problem of bounce. °
An example of the separation into fine and coarse particles is shown in Figure 2-24.

The usefulness of this technique for collecting samples of fine and coarse particles for
chemical analysis was recognized by EPA in the mid-1970s. A development program was
undertaken leading to the development of the now well known “dichotomous sampler” (a virtual
impactor that separates particles into two size fractions) and an associated XRF analyzer
(Dzubay and Stevens, 1975; Loo et al., 1976; Jaklevic et al., 1977; Dzubay et al., 1977). The
dichotomous sampler was originally developed for use in the Regional Air Mohitoring Study
(RAMS), part of the Regional Air Pollution Study (RAPS), conducted in St. Louis, Missouri in
the mid-1970s. Dichotomous samplers were operated at 10 RAMS sites from March 1975 to
March 1977; and 33,695 filters were collected and analyzed by XRF with an overall sampling
efficiency of 97.25% (Strothmann and Schiermeier, 1979; Loo et al., 1976; Loo et al., 1978;

Dzubay, 1980; Lewis and Macias, 1980). Dichotomous samplers were a novel concept at that
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Figure 2-24. Schematic diagram showing the principle of virtual impaction. The initial
flow, Q,, is split into a minor flow, Q,, which carries the larger particles,
which impact into the hole, to the coarse particle filter and a major flow, Q,,
which carries the smaller particles, which can follow the airflow, to the fine
particle filter.

Source: Loo et al. (1976}

time. Concern over particle losses and other problems at cut point sizes smaller than 2.5 pym D,
influenced the decision to choose 2.5 instead of 1.0 as the cut point diameter.

Subsequent to the use of the dichotomous sampler in RAPS, considerable progress has
been made in the theory and practice of designing virtual impactors, especially in how to reduce
losses and provide a sharp cut (Masuda et al., 1979; Marple and Chien, 1980; Chen at al., 1985,
1986; Loo and Cork, 1988). Now virtual impactors, with rectangular slits or round holes, are
used (a) to provide cut point sizes as low as 0.15 um D, and (b) to concentrate coarse,
accumulation, and ultréﬁnc mode particles for use in health studies (Solomeon et al., 1983;
Marple et al., 1990; Sioutas et al., 1994a,b,c). Dichotomous samplers were also used ina
national network to measure PM, s and PM,, 5 in the Harvard Six City Study (Spengler and
Thurston, 1983; Dockery et al., 1993) and the Inhalable Particulate Network (Suggs and Burton,
1983). A trichotomous high volume sampler has also been developed that provides samples of

particles less than 1.0 pm, 1.0 pm —2.5 pm, and 2.5 pm (Marple and Olsen, 1995). This
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sampler was intended for study of the composition of the intermﬁdal mass between 1.0 and
25pmD,.

More recently, two dichotomous sequential PM air samplers were collocated with a manual
Federal Reference Method (FRM) air sampler and operated for over one year at a waterfront site
on Tampa Bay (Poor et al., 2002). The FRM sampler was alternately configured as a PM, ,, then
as a PM,, sampler. For the dichotomous sampler measurements, daily 24-h integrated PM, ; and
PM;., s ambient air samples were collected at a total flow rate of 16.71 min™. As was the case in
carlier versions of the dichotomous sampler, a virtual impactor split the air into flow rates of
1.67 and 15.01 min™ and collected PM,,, ; and PM, ; on 47-mm diameter PTFE® filters,
Between the two dichotomous air samplers, the average concentration, relative bias and relative
precision for PM, s were 13.3 pg m=, 0.02% and 5.2% concentrations (n=282), and for PM,,,
were 12.3 pg m”, 3.9% and 7.7% (n = 282). FRM measurements were alternate day 24-h
integrated PM, ; or PM,, ambient air samples collected onto 47-mm diameter PTFE?® filters at a
flow rate of 16.71 min!. Between a dichotomous and a PM, s FRM air sampler, the average
concentration, relative bias and relative precision were 12.4 g m*, -5.6% and 8.2% (n =43);
and between a dichotomous and a PM,, FRM air sampler, the average concentration, relative
bias and relative precision were 25.7 pg m=, -4.0% and 5.8% (n =102). The PM,, concentration
measurement standard errors for two dichotomous and one FRM samplers were 0.95, 0.79 and
1.02 pg m™; and for PM,y, the standard errors were 1.06, 1.59, and 1.70 pg m>. The authors
(Poor et al., 2002) concluded that their results indicate that “the dichotomous samplers have
superior technical merit” and demonstrate “the potential for the dichotomous sequential air
safnpler to replace the combination of the PM, ; and PM,, FRM air samplers, offering the
capability of making simultaneous, self-consistent determinations of these particulate matter
fractions in a routine ambient monitoring mode.” _

The dichotomous sampler provides two separate samples. However, a fraction of the
smaller particles, equal to the minor flow, will go through the virtual impaction opening with the
air stream and be collected on the coarse particle filter. In the dichotomous sampler used in the
RAPS program, 10% of the fine particles were collected with the coarse patticles. Thus, in order
to determine the mass or composition of the coarse particles, it is riece_:_ssary to determine the
mass and composition of the fine particles and subtract the appropriate fraction from the mass or

composition of the particles collected on the coarse particle filter. Allen et al. (1999b) discuss
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potential errors in the dichotomous sampler caused by uncertainties in the coarse mass channel

- enrichment factor. Virtual impactors have also been designed with a clean air jet in the center of

the round nozzle. This makes possible lower contamination of coarse particles by fine particles
but maintains low losses and sharp cuts (Chen and Yeh, 1986; Chien and Lundgren, 1993). The
fine particle intrusion into the coarse particle sample can also be reduced by operating two
virtual impactors in series (Dzubay and Stevens, 1975).

Aerosol physicists have also conducted theoretical and experimental investigations of
virtual impaction using slits instead of round holes (Forney et al., 1978, 1982; Ravenhall et al.,
1978; Masuda and Nakasita, 1988; Sioutas et al., 1994b, ¢, d; Ding and Koutrakis, 2000). The
slit virtual impactor permits much higher flow rate than round hole virtual impactors and
resolves problems that occur with multihole virtual impactors (Marple et al., 1990; Fang et al.,
1991). The slit technique has been used to develop virtual impaction systems for concentrating
particles in the size range 0.1 to 2.5 pm D, for exposure studies using animals and people
(Sioutas et al., 1995a, b). The slit impactor can also be used to concentrate coarse particles for
measurement (Misra et al., 2001) or exposure studies (Chang et al., 2002). It has also been
possible to concentrate ultrafine particles (> 0.1 pm) by first separating ultraﬁné particles from
larger particles, adding water vapor to saturate the air containing the ultrafine particles, cooling
the air to cause supersaturation and growth of the ultrafine particles into the 1.0 - 4.0 pm size
range, concentrating these particles with a slit virtual impactor, and heating the air to return the
particles to their original size (Sioutas and Koutrakis, 1996; Sioutas et al., 1999; Sioutas et al.,
2000; Kim et al., 2001b,c; Geller et al., 2002).

2.2.5 Speciation Monitoring
Speciation Network and Monitoring

In addition to FRM sampling to determine compliance with PM standards, EPA requires
states to conduct chemical speciation sampling primarily to determine source categories and
trends (Code of Federal Regulations, 2001b). Source category apportionment calculations are
discussed in Chapter 3. A PM, ; chemical Speciation Trends Network (STN) has been deployed
that consists of 54 core National Ambient Monitoring Stations (NAMS) and approximately
250 State and Local Air Monitoring Stations (SLAMS). In addition, over 100 IMPROVE

(Interagency Monitoring of Protected Visual Environments) samplets located at regional
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background and transport sites can be used to fulfill SLAMS requirements. The overall goal of
the speciation program is “to provide ambient data that support the Nation’s air quality program
objectives” (U.S. Environmental Protection Agency, 1999). Information and reports on EPA’s
speciation monitoring program may be found on EPA’s Technology Transfer Network at
hitp://www.epa.gov/ttn/amtic/pmspec.htmi. The NAMS speciation sites will provide routine
chemical speciation data that will be used to develop annual and seasonal aerosol
characterization, air quality trends aﬁalysis, and emission control strategies. The SLAMS
speciation sites will further support the NAMS hetwork and provide information for
development of State Implementation Plans (SIPs).

At both NAMs and SLAMs sites, aerosol samples will be collected for analysis of trace
elements, ions (sulfate, nitrate, ammonium, sodium, and potassium), and total carbon. The
NAMS speciation sites will operate on a 1 in 3 day schedule, with 10 of these sites augmented
with continuous speciation analyses for everyday operation. The SLAMS speciation sites will
generally operate on a 1 in 6 day basis; however, many sites may be operated on a 1 in 3 day
basis in locations where increased data collection is needed. There are several samplers that are
suitable for use in the NAMS/SLAMS network. These samplers include an inlet cutpoint with
size cut characteristics comparable to the WINS FRM; proven denuder technology for nitrate;
and sampler face velocity and sample volume similar to that of the FRM. The current samplers
include three filters: (1) Teflon for equilibrated mass and elemental analysis by energy
dispersive x-ray fluorescence (EDXRF), (2) a nitric acid denuded'Nylon filter for ion analysis
(ion chromatography), (3) a quartz fiber filter for elemental and organic carbon. EC and OC are
determined by thermal optical analysis via a modification of the NIOSH (National Institute for
Occupational Safety and Health) method 5040 (Thermal Optical Transmission) [TOT]).
However, no corrections are made for positive artifacts caused by adsorption on organic gases or
the quartz filters or negative artifacts due to evaporation of semivolatile organic compounds
from the collected particles.

Since 1987, the IMPROVE network has provided measurements of ambient PM and

associated light extinction in order to quantify PM chemical components that affect visibility at

" Federal Class 1 areas that include designated national parks, national monuments, and

wilderness areas. Management of this network is a cooperative effort between U.S. EPA, federal

land management agencies, and state governments. The IMPROVE program has established
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protocols for analysis of aerosol measurements that provide ambient concentrations for PM,,,
PM, ,, sulfates, nitrates, organic and elemental carbon, crustal material, and a number of other
elements. Information on the IMPROVE program may be found at
http://vista.cira.colostate.edu/ improve.

IMPROVE aerosol monitoring consists of a combination of particle sampling and sample
analysis. The IMPROVE sampler, which collects two 24-hour duration samples per week,
simultaneously collects one sample of PM, on a Teflon filter, and three samples of PM, s on
Teflon, nylon, and quartz filters. PM,, mass concentrations are determined gravimetrically from
the PM,, filter sample, while PM, s mass concentrations are determined gravimetrically from the
PM, ; Teflon filter sample. The PM, ; Teflon filter sample is also used to determine
concentrations of selected elements using particle-induced x-ray emission (PIXE), x-ray
fluorescence (XRF), and Proton Elastic Scattering Analysis (PESA). The PM,; nylon filter
sample, which is preceded by a denuder to remove acidic gases, is analyzed to determine nitrate
and sulfate aerosol concentrations using Ion Chromatography (IC). Finally, the PM, ; quartz
filter sample is analyzed for organic and elemental carbon using the Thermal Optical Reflectance
(TOR) method. Corrections are made for positive artifacts but not for negative artifacts.

The STN and the IMPROVE networks represent a major advance in the measurement of
nitrate since the combination of a denuder to remove nictric acid vapor and a Nylon filter to
adsorb nitric acid vapor that volatilizes from the collected ammonium nitrate particles
overcomes the loss of nitrate from Teflon filters. However, the different techniques used for the
measurement of OC and EC lead to significant differences between OC and EC measurements
when the two techniques are intercompared (Chow et al., 2001). IMPROVE yields higher EC
and lower OC although there is good agreement for TC. Another difference arises from the
treatment of the positive artifact due to the absorption of organic gases by the quartz filters used
in IMPROVE and STN samplers. More information on these differences is given in Section
2.2.7 and details are discussed in Appendix 2B.

Several of the PM, ; size selectors developed for use in the EPA National PM, 5 STN were

recently evaluated by comparing their penetration curves under clean room experiments with

that of the WINS impactor (Peters et al., 2001c). The corfesponding speciation monitors were

then compared to the FRM in four cities. The PM, 5 inlets tested were the SCC 2.141 cyclone
(6.7 L/min) that is in the Met One Instruments SASS sampler; the SCC 1.829 cyclone
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(5.0 L/min) that is proposed for use in the Rupprecht and Patashnik real-time sulfate/nitrate
monitor; the AN 3.68 cyclone (24.0 L/min) that is in the Andersen RAAS; and the spiral
separator (7.0 L/min) that was previously in the Met One SASS. The cutpoints of the SCC
cyclones compared reasonably well with the WINS (2.52 and 2.44 micrometers for the SCC
2.141 and SCC 1.829, respectively, at their design flowrates), but both demonstrated a tail
extending into the coarse particle mode. The AN inlet had the sharpest cutpoint curve, but the
50% cutpoint diameter was 2.7 pm D, at its design flowrate. The spiral inlet had the shallowest
cutpoint curve, and the 50% cut point was 2.69 and 2.67 um D, for an ungreased and greased
inlet, respectively. The speciation samplers were also compared to the FRM sampler with WINS
inlet under ambient conditions in four cities. The Andersen RAAS equipped with the AN 3.638
cyclone compared well to the FRM in all four cities, when compared on the basis of PM, masé,
sulfate, and crustal concentrations. Greasing the spiral inlet in the Met One sampler improved
the performaﬁce of that sampler, which tended to give much higher PM, 5 concentrations than the

FRM in cities with high crustal particulate matter.

2.2.6 Inorganic Elemental Analyses

In addition to the lighter elements, hydrogen, carbon, oxygen and nitrogen, the following
40 heavier elements are commonly found in ambient air samples: sodium, magnesium,
aluminum, silicon, phosphorus, sulfur, chlorine, potassium, calcium, titanium, vanadium,
chromium, manganese, iron, cobalt, nickel, copper, zinc, gallium, arsenic, selenium, bromine,
rubidium, strontium, yttrium, zirconium, molybdenum, palladium, silver, cadmium, indium, tin,
antimony, barium, lanthanum, gold, mercury, thallium, lead, and uranium. These often indicate
air pollution sources and several of them are considered to be toxic (transition metals,
water-soluble metals, and metals in certain valence states [e.g., Fe(II), Fe(III), Cr(III), Cr(VD),
As(III), As(V)]). Measurement methods for inorganic elements are listed in Table 2-5. These
methods differ with respect to detection limits, sample preparation, and cost (Chow, 1995).
EDXRF and PIXE are the most commonly applied methods because they quantify more than
40 detectable elements, they are non-destructive, and they are relatively inexpensive. Both were
discussed in the previous 1996 PM AQCD. TRXRF and S-XRF are newer techniques with
lower detection limits. AAS, ICP-AES, and ICP-MS are also appropriate for ionic

measurements of elements that can be dissolved. PESA provides a means for measuring
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TABLE 2-5. MEASUREMENT METHODS FOR INORGANIC ELEMENTS |

Acronym Full Name ' Comments

EDXRF  energy dispersive x-ray fluorescence heavier elements

S-XRF synchrotron induced X-ray emission heavier elements; lower detection limits
than EDXRF

PIXE proton induced x-ray emission heavier elements; lower detection limits
than EDXRF

PESA proton (or particle} elastic scattering lighter elements
analysis

TRXRF  total reflection X-ray fluorescence heavier elements; lower detection limits
than EDXRF

INAA instrumental neutron activation many elements; sensitivity different than
analysis EDXRF

AAS atomic absorption spectrophotometry ~ many elements that can be dissolved

ICP-AES  inductively coupled plasma with many elements that can be dissolved
atomic emission spectroscopy

ICP-MS  inductively coupled plasma with many elements that can be dissolved
mass spectroscopy

SEM scanning electron microscopy heavier elements

elements with lower atomic numbers from hydrogen to carbon. More detailed information on

each technique is given in Appendix 2B.1.

2.2.7 Elemental and Organic Carbon in Particulate Matter

Ambient particles from combustion sources contain carbon in several chemically and
optically distinct forms. Health- and visibility-related studies of these particles require
information about the relative contributions to total particle mass by these different forms of

carbon. With the exception of carbonate-based carbon, however, a clear classification scheme

e =1 Sy o R W N

has not yet been established to distinguish organic carbon, light-absorbing carbon, black carbon,

soot and elemental] carbon. The absence of clear, physically-based definitions results in
confusion in the interpretation of speciation data. For example, depending on the radiation

wavelength specified, “light absorbing” carbon can include compounds that volatilize without

oxidation. “Black” carbon includes various mixtures containing “elemental” (graphitic) carbon;
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partially degraded, oxidized graphitic fragments; and partially-oxidized amorphous aromatic
carbon. For studying visibility reduction, a measurement of light-absorbing carbon may be more
useful than one of elemental carbon. For source apportionment by receptor models, several
consistent but distinct fractions of carbon in both source and receptor samples are desired,
regardless of their light-absorbing or chemical properties. Differences in ratios of the carbon
concentrations in these fractions form part of the source profiles that distinguish the contribution
of one source from the contributions of other sources (Watson et al., 1994a,b).

Three method-dependent operational classes of carbon are commonly measured in ambient
aerosol samples collected on quartz-fiber filters: (1) semi-volatile organic or non-visible light-
absorbing carbon, termed “organic carbon (OC)”; (2) elemental carbon, soot, black carbon, or
light-absorbing carbon, termed “elemental carbon (EC)”; and (3) carbon present as K,CO,,
Na,CO,, MgCO,, CaCO,, termed “carbonate carbon (CC).” The sum of OC, EC, and CC in PM
gives the total carbon (TC).

The thermal/optical reflectance (TOR), thermal/optical transmission (TOT), and thermal
manganese oxidation (TMO) methods are most commonly used for the analysis of organic and
elemental carbon in atmospheric PM. In thermal separation methods, OC is vaporized and the
EC remaining on the filter is then oxidized to CO, and quantified by nondispersive infrared
detection, by electrochemical techniques or by reducing the CO, to CH, and quantifying CH, via
flame ionization detection (FID). OC that does not vaporize below 550 C can pyrolyze at higher
temperatures to form additional black carbon. Thérmal/optical methods must correct for this
effect in order to correctly distinguish OC from EC. The various methods give similar results for
TC, but not for EC or OC, due to differing assumptions regarding the thermal behavior of
ambient aerosol carbon. These methods are discussed in detail in Appendix 2B.2.

Carbonate carbon (i.e., K2C03, Na,CO,, MgCO_,,,V CaCO,) can be determined thermally, or
on a separate filter section by measurement of the carbon dioxide (CO,) evolved upon
acidification (Johnson et al., 1980). It is usually on the order of 5% or less of TC for ambient
particulate samples collected in urban areas (Appel, 1993),

The forms of carbon present in natural materials that may be burnt to generate atmospheric
acrosol tend to be poorly defined. Thus, the pyrolysis products of these materials during
thermal/optical analysis cannot be predicted. The Geochemical Society convened an

international steering committee in 1999 to define a set of representative black carbon and black
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carbon-containing benchmark matprials to be used to support ambient aerosol sample analysis.
These standard materials may be used to provide thermal/optical “fingerprints” for deducing
primary aerosol sources, and to establish characteristic analytic interferences or artifacts
associated with such sources. The materials recommended to date include n-hexane soot,
lignocellulosic chars, soils, marine sediments, and the NIST urban dust standard reference
material (SRM 1649a). The committee has also recommended a set of standard materials that
may potentially interfere with black carbon analyses: shale, natural organic matter, melanoidin
(an amino acid-based material) and coals. These recommendations are discussed on the steering

commitiec website: http://www.du.edu/~dwismith/besteer.html.

2.2.8 lonic Species

Ton chromatography (IC) is widely used for analyzing ionic species in the water-soluble
portion of suspended PM. IC is the method of choice for the measurement of sulfate, nitrate,
ammonium, sodium, and potassium ions for the NAMS program. Aerosol strong acidity, H', is
determined by titration of a water solution of PM collected following a series of annular
denuders to remove acid and basic gases with back-up filters to collect NH; and HNO; that
volatilize from the PM during collection. The 1996 PM AQCD (U.S. Environmental Protection
Agency, 1996a) discussed measurement of ions by IC (Section 4.3.3.1) and of strong acidity

(Sections 3.3.1.1 and 4.3.3.1); so, no further details wiil be discussed here.

2.2.9 Continuous Monitoring

The EPA expects that many local environmental agencies will operate continuous PM
monitors. All currently available continuous measurements of suspended particle mass share the
problem of dealing with semivolatile PM components. So as not to include particle-bound water
as part of the mass, the particle-bound water must be removed by heating or dehumidification.
However, heating also causes loss of ammonium nitrate and semivolatile organic components.
A variety of potential candidates for continuous measurement of particle mass and related
properties are listed in Table 2-6. These techniques are discussed in more detail in Appendix

2B.3.
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TABLE 2-6. METHODS FOR CONTINUOQUS MEASUREMENT OF PM MASS,
' COMPONENTS, ETC.

Acronym

Name

Comments

TEOM

Tapered Element
Oscillating Microbalance

Measures only nonvolatile components of PM.

TEOM
with SES

TEOM with Sample
Equilibration System

By using dehumidification instead of heat for drying and a lower
temperature for stabilization, includes some of the semivolatile
components of PM.

Differentiat TEOM

Research instrument designed to measure both the nonvolatile
and semivolatile components of PM.

Filter Dynamics
Measurement System

 Commercial version of the differential TEOM.

Real-Time Total Ambient
Mass Sampler

Research instrument designed to measure total PM using
denuders and an adsorptive filter.

Continuous Ambient
Mass Monitor

Measures total PM by pressure drop across a frequently
changed filter.

Beta gauge

Measures PM mass by beta attenuation. Unless dried by heat or
dehumidification will also measure particle-bound water.

Piezoelectric
microbalance

Measures mass by change in resonance frequency when particles
are deported on a crystal,

Continuous Coarse
Particle Monitor

Virtual impaction is used to concentrate PM,,, ; which is then
measured by a TEOM.

Semi-continuous EC/QC

Several commercially available instruments automate the thermal
technique for EC/OC and provide hourly measurements.

Semi-continious nitrate

Coliection of PM followed by flash vaporization and _
determination of NO, provides 10 minute measurements of
particulate nitrate.

Semi-continuons sulfate

Several techniques are available in which particulate sulfate is
measured using flame ionization detection.

Continuous ion
chromatography of
water-soluble ions

Particles are grown by mixing with water vapor, collected in

- water, and injected into an automatic jon chromatography.

Mass spectroscopy of
individual particles

Single particles are evaporated, ionized and the components
analyzed by mass spectroscopy. Several different systems are in
use in research studies.

Electrical Aerosol
Detector

This instrument measures charge collected by particles and gives
a continuous signal that is proportional to the integral of the
particle diameter.

Integrating nephelometer

Light scattering by suspended particles, collected over a large
solid angle, provides an indicator for particle mass including
particle-bound water unless the air sample is dried by heating or
dehumidification.
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2.2.10 Measurements of Individual Particles

Recently, several researchers have developed instruments for real-time #n sifw analysis of
single particles (e.g., Noble and Prather, 1996; Gard et al., 1997; Johnson and Wexler, 1995;
Silva and Prather, 1997; Thomson and Murphy, 1994). Although thé technique varies from one
laboratory to another, the underlying principle is to fragment each particle into ions, using either
a high-power laser or a heated surface and, then, a time-of-flight mass spectrometer (TOFMS) to
measure the ion fragments in a vacuum. Each particle is analyzed in a suspended state in the air
stream (i.e., without collection), avoiding sampling artifacts associated with impactors and
filters. The technique is called aerosol time-of-flight mass spectrometry (ATOFMS).

By measuring both positive and negative ions from the same particle, information can be
obtained about the composition, of individual particles of known aerodynamic diameter. This -
information is especially useful in determining sources of particles. Noble and Prather (1996)
used ATOFMS to provide compositionally resolved particle-size distributions. Their instrument
is capable of analyzing size and chemical composition of 50 to 100 particles/min at typical
ambient concentrations and up to 600/min at high particle concentrations. Four systems for
measurement of single particles using mass spectroscopy are reviewed by Middlebrook (2002).
An example of the type of information that can be determined is shown in Figure 2-25.

Because particles are analyzed individually, biases in particle sampling (the efficiency of
particle transmission into the sensor chamber as a function of size; particle size measurement,
and detection of particles prior to fragmentation) represent a major challenge for these
instruments. Moreover, the mass spectrometer has a relatively large variability in ion yields
(i.e., identical samples would yield relatively large differences in mass spectrometer signals
[Thomson and Murphy, 1994]); therefore, quantitation is inherently difficult (Murphy and
Thomson, 1997). Quantitation will be even more chalienging for compIeX organic mixtures
because of the following two reasons: (1) a large number of fragments are generated from each
molecule, and (2) ion peaks for organics can be influenced or obscured by inorganic ions
(Middlebrook et al., 1998). Nonetheless, scientists have been successful in using these
techniques to identify the presence of organics in atmospheric particles and laboratory-generated
particles (i.c., as contaminants in laboratory-generated sulfuric acid droplets) as well as the
identification of specific compound classes such as PAHs in combustion emissions {Castaldi and

Senkan, 1998; Hinz et al., 1994; Middlebrook et al., 1998; Murphy and Thomson, 1997;
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Figure 2-25. Size distribution of particles divided by chemical classification into organic,
marine, and crustal. '

Source: Noble and Prather (1998).

Neubauer et al., 1998; Noble and Prather, 1998; Reilly et al., 1998; Silva and Prather, 1997).
A new multivariate technique for calibration of ATOFMS using microorifice impactors shows
promiée for simplifying the calibration process (Fergenson et al., 2001). This calibration
technique has been applied to gasoline and diesel particles to demonstrate the feasibility of using
this technique for the source apportionment of gasoline and diesel particles in an atmospheric
mixture (Song et al., 2001).

Until recently, ATOFMS systems have only been able to characterize particles that are
larger than approximately 0.2 to 0.3 pm in diameter. Wexler and colleagues (Carson et al.,
1997; Ge et al., 1998) have developed an ATOFMS instrument that is able to size, count, and

provide chemical composition on individual particles ranging in size from 10 nm to 2 pm.
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2.2.11 Low Flow Filter Samples for Multiday Collection of
Particulate Matter

For some purposes, such as demonstrating attainment of an annual standard or as an
exposure indicator for epidemiologic studies of chronic health effects, 24-h measurements are
not essential. Annual or seasonal averages may be adequate. Muitiday sampling techniques can
result in lower costs for weighing, chemical analysis, and travel time to change filters. The
multiday sampler serves a second purpose. Most commercially available samplers are optimized
for collecting 24-h samples of the PM concentrations found in the U.S., Europe, or Japan. Many
cities in other parts of the world have significantly higher PM concentrations. Under these
conditions, the 16.7 L/min flow through 37 or 47 mm diameter filters may overload the filter and
prevent the sampler from maintaining the prescribed flow rate for 24 h. A low flow sampler
with a 0.4 L/min flow rate and a 47 mm diameter filter has been designed by Aerosol Dynamics,
Inc. With this sampler, the sample collection time can be chosen to suit the ambient
concentration level. This sampler, with a one-week collection period, has been used to
characterize PM,  in Beijing, PRC (He et al., 2001). With a two-week collection period, it is
being used in a chronic epidemiologic study in southern California, USA (Gauderman, et al.,
2000).

The sampler, as described by He et al. (2001), has three PM, s channels. One channel
collects PM on a Teflon filter for gravimetric mass measurement and elemental analysis by XRF.
A second channel collects PM on a quartz filter for organic and elemental carbon analysis.

A denuder to remove organic gases and a backup filter to collect semivolatile organic
compounds may be added. The third channel uses a carbonate denuder to remove acid gases
(HNO, and SO,), a Teflon filter to collect PM for analysis of ions by ion chromatography, and a
nylon filter to collect volatilized nitrate. The Teflon filter can also be weighed prior to
extraction. Thus, the multiday sampler can provide the information needed for source
apportionment by Chemical Element Balance techniques (Watson et al., 1990a,b; U.S.
Environmental Protection Agency, 2002b).

For monitoring sites with high day-to-day variability in PM concentrations, a sample
integrated over a week may provide a more accurate measurement of the annual average than
can be obtained by 1-in-3 or 1-in-6 day sampling schedules. Daily PM data from Spokane, WA
were resampled to simulate common sampling schedules and the error due to less-than-everyday

sampling was computed (Rumburg et al., 2001). The error in the annual mean concentration for
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PM, ., expresséd as a percentage difference from the everyday sampling mean, was 1.7, 3.4, and

7.7% for 1-in-2 day, 1-in-3 day, and 1-in-6 day sampling, respectively.

2.3 SUMMARY AND KEY POINTS
2.3.1 Atmospheric Physics and Chemistry of Particles

Atmospheric particles originate from a variety of sources and possess a range of”
morphological, cherhical, physical, and thermodynamic properties. The composition and
behavior of aerosols are linked with those of the surrounding gas. Aerosol may be defined as a
suspension of solid or liquid particles in air and includes both the particles and all vapor or gas
phase components of air. However, the term aerosol often is used to refer to the suspended
particles only.

A complete description of the atmospheric aerosol would include an accounting of the
chemical composition, morphology, and size of each particle, and the relative abundance of each
particle type as a function of particle size. Recent developments in single particle analysis
techniques are bringing such a description closer to reality. '

The diameter of a spherical particle may be determined geometrically, from optical or
electron microscopy, by light scattering and Mie theory, or by a particle’s behavior (e.g.,
electrical mobility or its acrodynamic behavior). However, the various types of diameters may
be different, and atmospheric particles often are not spherical. Therefore, particle diameters are
described by an “equivalent” diameter. Aérodynamic diameter, VDa (the diameter of a unit
density sphere that would have the same terminal settling velocity as the real particle), and the
Stokes diameter, D, (the diameter of a sphere of the same density as the particle that would have
the same aerodynamic resistance or drag), are the most widely used equivalent diameters. |

Atmospheric size distributions show that most atmospheric particles are quite small, below
0.1 pm; whereas most of the particle volume (and therefore most of the mass) is found in
particles greater than 0.1 um. An important feature of the mass or volume size distributions of
atmospheric particles is their multimodal nature. Volume distributions, measured in ambient air
in the United States, are almost always found to have a minimum between 1.0 and 3.0 pym. That
portion of the size distribution that contains particles that are mostly larger than the minimum is

called “coarse” particles or the “coarse” mode. That portion of the size distribution that contains
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particles that are mostly smaller than the minimum is called “fine” particles and includes several
modes. “Accumulation-mode” refers to that portion of fine particles with diameters above about
0.1 pm. That portion of fine particles with diameters below 0.1 pm are usually called “ultrafine”
by toxicologists and epidemiologists and “nanoparticles” by aerosol physicists and material
scientists. In the number distribution of ultrafine particles, particles in the size range below 0.01
are called the nucleation mode and particles between 0.01 and 0.1 are called the Aitken mode.
The Aitken mode can be observed as a separate mode in mass or volume distributions only in
clean or remote areas or near sources of new particle formation by nucleation.

The aerosol community uses three different approaches or conventions in the classification
of particles by size: (1) modes, based on the observed size distributions and formation
mechanisms; (2) cut point, usually based on the 50% cut point of the specific sampling device,
including legally specified, regulatory sizes for air quality standards; and (3) dosimetry or
occupational sizes, based on the entrance into various compartments of the respiratory system.
Over the years, the terms fine and coarse as applied to particle sizes have lost the original precise
meaning of fine and coarse. In any given article, therefore, the meaning of fine and coarse,
unless defined, must be inferred from the author’s usage. In particular, PM, 5 and fine particles
are not equivalent. PM, ; refers to the aggregate sample of PM that is collected following a size-
selective inlet with a specified penetration as a function of size and a 50% cutpoint of 2.5 pm D,
It may also be used to refer to number {or other measure of particles suspended in the

atmosphere that would be collected by such a sampler). PM, is defined similarly. PMyq; 5

refers to the sample that would be collected if the PM, s component could be removed from a

PM,, sample.

Several processes influence the formation and growth of particles. New particles may be
formed by nucleation from gas phase material. Particles may grow by condensation as gas phase
material condenses onto existing particles. Particles may also grow by coagulation as two
particles combine to form one. Gas phase material condenses preferentially on smaller particles,
and the rate constant for coagulation of two particles decreases as the particle size increases.
Therefore, nuclei mode particles grow into the accumulation mode, but growth of accumulation
mode particles into the coarse mode is rare.

The major constituents of atmospheric PM are sulifate, nitrate, ammonium, and hydrogen

ions; particle-bound water; elemental carbon; a great variety of organic compounds; and crustal
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material. Atmospheric PM contains a large number of elements in various compounds and

- concentrations and hundreds of specific organic compounds. Particulate material can be primary

or secondary. PM is called primary if it is in the same chemical form in which it was emitted
into the atmosphere. PM is called secondary if it is formed by chemical reactions in the
atmosphere. Primary coarse particles are usually formed by mechanical processes; whereas
primary fine particles are emitted from sources either directly as particles or as vapors that
rapidly condense to form particles.

Most of the sulfate and nitrate and a portion of the organic compounds in atmospheric
particles are secondary. Secondary aerosol formation depends on numerous factors including the
concentrations of precursors; the concentrations of other gaseous reactive species such as ozone,
hydroxyl radical, peroxy radicals, and hydrogen peroxide; atmospheric conditions, including
solar radiation and relative humidity; and the interactions of precursors and preexisting particles
within cloud or fog droplets or on or in the liquid film on solid particles. As a result, it is
considerably more difficult to relate ambient concentrations of secondary species to sources of
precursor emissions than it is to identify the sources of primary particles.

The lifetimes of particles vary with particle size. Coarse particles can settle rapidly from
the atmosphere within minutes or hours and normally travel only short distances. However,
When mixed high into the atmosphere, as in dust storms, the smaller-sized, coarse-mode particles
may have longer lives and travel greater distances. Accumulation-mode particles are kept
suspended by normal air motions and have a lower deposition velocity than coarse-mode
particles. They can be transported thousands of kilometers and rem‘;:lin in thé atmosphere for a
number of days. Accumulation-mode particles are removed from the atmosphere primarily by
cloud processes. Dry deposition rates are expressed in terms of a deposition velocity that varies
with the particle sizé, reaching a minimum between 0.1 and 1.0 pm aerodynamic diameter.

PM is a factor in acid deposition. Particles serve as cloud condensation nuclei and
contribute directly to the acidification of rain. In addition, the gas-phase species that lead to dry
deposition of acidity are also precursors of particles. Therefore, reductions in SO, and NO,
emissions will decrease both acid deposition and PM concentrations. Sulfuric acid, ammonium
nitrate, and organic particles also are deposited on surfaces by dry deposition and can contribute

to ecological effects.
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2.3.2 Measurement of Atmospheric Particles

" The decision by the EPA to revise the PM standards by adding daily and yearly standards
for PM, ; has led to a renewed interest in the measurement of atmospheric particles and to a
better understanding of the problems in developing precise and accurate measurements of
particles. Unfortunately, it is very difficult to measure and characterize particles suspended in
the atmosphere.

PM monitoring is used to develop information to guide implementation of standards (ie.,
to identify sources of particles; to determine whether or not a standard has been attained; and to
determine health, ecological, and radiative effects). Federal Reference Methods (FRM) specify
teéhniques for measuring PM,, and PM, ;. Particles are collected on filters and mass
concentrations are determined gravimetrically. The PM,, FRM sampler consists of a PM,,
inlet/impactor and a 47-mm Teflon filter with a particle collection efficiency greater than 99.7%.
The PM, ; FRM is similar except that it includes a PM, 5 impactor with an oil-covered impaction
substrate to remove particles larger than 2.5 pm. Both techniques provide relatively precise
(+10%) methods for determining the mass of material remaining on a Teflon filter after
equilibration. Despite considerable progress in measuring the atmospheric PM mass
concentration, numerous uncertainties continue to exist as to the relationship between the mass
and composition of material remaining on the filter as measured by the FRMs and the mass and
composition of material that exists in the atmosphere as suspended PM. There is no reference
standard for particles suspended in the atmosphere, nor is there an accepted way to remove
particle-bound water without losing some of the semivolatile components of PM such as
ammonium nitrate and semivolatile organic compounds. It also is difficult to cleanly separate
fine and coarse PM. As a result, EPA defines accuracy for PM measurements in terms of
agreement of a candidate sampler with a reference sampler. Therefore, intercomparisons of
samplers become very important in determining how well various samplers agree and how
various design choices influence what is actually measured.

Current filtration-based mass measurements lead to significant evaporative losses of a
variety of semivolatile components (i.e., species that exist in the atmosphere in dynamic
equilibrium between the condensed phase and gas phase) during and possibly after collection.
Important examples include ammonium nitrate, semivolatile organic compounds, and particle-

bound water. Loss of these components may significantly affect the quality of the measurement
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- and can lead to both positive and negative sampling artifacts. Negative artifacts resulting from

loss of ammonium nitrate and semivolatile organic compounds may occur during sampling
because of changes in temperature, relative humidity, or composition of the aerosol or because
of the pressure drop across the filter. Negative artifacts also may occur during handling and
storage because of evaporation. Positive artifacts occur when gas-phase compounds (H,0,
HNQO,, 80O,, and organic compounds) absorb onto or react with filter media or collected PM or
when some particle-bound water is not removed.

Sampling systems for semivolatile PM components make use of denuders to remove the
gas-phase fraction and absorptive filters to remove the condensed phase and retain any material
that subsequently evaporates from the collected PM. The loss of particulate nitrate may be
determined by comparing nitrate collected on a Teflon filter to that collected on a nylon filter
(which absorbs nitric acid which evaporates from ammonium nitrate particles) preceded by a
denuder to remove gas-phase nitric acid. In two studies in southern California, the PM, ; mass
lost because of volatilization of ammonium nitrate was found to represent 10 to 20% of the total
PM, 5 mass and almost a third of the nitrate. Denuder/absorptive filter sampling systems also
have been developed for measuring particulate phase organic compounds. This technique is an
improvement over the filter/adsorbent collection method. However, the denuder systems
currently discussed in the literature are not straightforward in their use, and the user must have a
thorough understanding of the technology. The FRM for PM, ; will likely suffer loss of
particulate nitrates and semivolatile organic compounds, similar to the losses experienced with
other singie filter collection systems.

It is generally desirable to collect and measure ammonium nitrate and semivolatile organic
compounds as part of particulate matter mass. However, it is usually desirable to remove the
particle-bound water before determining the mass. In some situations, it may be important to
know how much of the suspended particle’s mass or volume results from particle-bound water.
Calculations and measurements indicate that aerosol water content is strongly dependent on
relative humidity and composition. Particle-bound water can represent a significant mass
fraction of the PM concentration at relative humidities above 60%. A substantial fraction of
accumulation-mode PM is hygroscopic or deliquescent. The more hygroscopic particles tend to
contain more sulfates, nitrates, and secondary organic compounds, while the less hygroscopic

particles tend to contain more elemental carbon, primary organic compounds, and crustal
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components. Fresh, submicron-size soot particles may tend to shrink with increasing relative
humidity because of a structural change. The effects of relative humidity on the sorption of
semivolatile organic compounds on patticles are not well understood. The amount of water
sorbed to an atmospheric aerosol may be affected by the presence of an organic film on the
particle, which may impede the transport of water across the surface.

Fine and coarse particles differ not only in formation mechanisms and size, but also in
sources; composition; and chemical, physical, and biological properties. Fine and coarse
particles overlap in the intermodal size range (1-2.5 pm D,). As relative humidity increases, fine
particles grow into this size range; as relative humidity decreases, more coarse particles may be
suspended in this size range. It is desirable to measure fine PM and coarse PM separately in
order to properly allocate health effects to either fine PM or coarse PM and to correctly
determine sources by factor analysis or chemical mass balance. The selection of a cut point of
2.5 pm as a basis for EPA’s 1997 NAAQS for fine particles (Federal Register, 1997) and its
continued use in many health effects studies reflects the importance placed on more complete
inclusion of accumulation-mode particles, while recognizing that intrusion of coarse-mode
particles can occur under some conditions with this cut point.

In addition to FRM sampling of equilibrated mass to determine compliance with PM
standards, EPA requires states to conduct speciation sampling primarily to determine source
categories and trends. The current speciation samplers collect PM, 5 on three filters:

(1) a Teflon filter for gravimetric determination of mass and for analysis of heavy elements by
X-ray fluorescence; (2) a Nylon filter preceded by a nitric acid denuder for artifact-free
determination of nitrate and measurement of other ionic species by ion chromatography; and

(3) a quartz filter for measurement of elemental carbon (EC) and organic carbon (0C). In
addition, IMPROVE (Interagency Monitoring of Protected Visual Environments) samplers
provide information on regional PM background and transport. IMPROVE samplers, in addition
to the three types of filters collected by the speciation samplers, also collect a PM,, sample. The
IMPROVE and speciation networks use slightly different methods for-detcrmination of EC and
OC. The two methods agree on total carbon but differ in the split of total carbon into EC and
OC. The two methods also differ in their correction for positive artifacts due to absorption of

volatile organic compounds on the quartz filters. Neither EC/OC method provides for any
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correction for negative artifacts due to evaporation of semivolatile organic compounds from the
collected particles.

The EPA expects that monitoring agencies will operate continuous PM monitors; and EPA
is in the process of providing guidance regarding appropriate continuous monitoring techniques.
All currently available techniques for continuous measurements of suspended particle mass, e.g.,
the integrating nephelometer, the beta-absorption monitor, and the Tapered Element Oscillating
Microbalance (TEOM), share the problem of dealing with semivolatile PM components: that is,
in order not to include particle-bound water as part of the mass, the particle-bound water mu‘st be
removed by heating or dehumidification; however, heating also causes ammonium nitrate é.nd
semivolatile organic compounds to evaporate. The TEOM monitor operates at a constant, but
higher than ambient, temperature to remove particle-bound water; whereas, the FRM is required
to operate at no more than 5 °C above the ambient temperature. Subsequently, much of the
particle-bound water is removed during equilibration at 40% relative humidity. This difference
in techniques for removal of particle-bound water causes differences in the measured mass
concentration between the TEOM and FRMs.

Several new techniques for continuous PM mass measurements are currently being field
tested. The Real-Time Total Ambient Mass Sampler (RAMS) measures the total mass of
collected particles including semivolatile species with a TEOM monitor using a “sandwich
filter.”” The sandwich contains a Teflon-coated particle-collection filter followed by a charcoal-
impregnated filter to collect any semivolatile species losf from the particles during sampling.
The RAMS uses a Nafion dryer to remove particle-bound water from the suspended particles and
a particle concentrator to reduce the quantity of gas phase organic compounds that must be
removed by the denuder. The Continuous Ambient Mass Monitor (CAMM) estimates ambient

particulate matter mass by measurement of the increase in the pressure drop across 2 membrane

- filier caused by particle loading. It also uses a Nafion dryer to remove particle-bound water.

A new differential TEOM offers the possibility of measuring both nonvolatile and semivolatile
PM mass. In addition to continuous mass measurement, a number of techniques for continuous

measurement of sulfate, nitrate, or elements are being tested.
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2.3.3 Key Points
Fine and Coarse Particles

Particle size distributions show that atmospheric particles exist in two classes, fine
particles and coarse particles. Fine and coarse particles are defined primarily in terms of their
formation mechanisms and size; an they also differ in sources, chemical composition, and
removal processes (see Table 2-1). Subsequent chapters will show that fine and coarse particles
also differ in aspects of concentration, exposure, dosimetry, toxicology, and epidemiology.

These differences suppott the setting of separate standards for fine and coarse particles.
Fine and coarse particles ovetlap in the size range between 1 and 3 um aerodynamic diameter
where particulate matter (PM) concentrations are at a minimum. Coarse patticles are generally
larger than this minimum and are generally formed by mechanical processes. Coarse particles
and coarse-mode particles are equivalent terms. Fine particles are generally smaller than the
minimum and are generally formed by coagulation and condensation of gases. Fine particles

are subdivided into accumulation, Aitkin, and nucleation modes. In earlier texts, nuclei mode

referred to the size range now split into the Aitkin and nucleation modes (see Figures 2-4

and 2-5).

Measurement of Mass and Composition

Nonvolatile PM. Analytical techniques exist for measurement of the mass and chemical
composition of PM retained on a filter (nonvolatile mass) in terms of elements (except carbon)
and certain key ions (sulfate, nitrate, hydrogen, and ammonium). Acceptable measurements can
be made of the total carbon retained on a filter. However, the split into organic carbon and
elemental carbon depends on the operational details of the analytical methods and varies
somewhat among methods. Determination of the various organic compounds in the organic

carbon fraction remains a challenge.

Semivolatile PM. Important components of atmospheric PM (particle-bound water, ammonium

nitrate, and many organic compounds) are termed semivolatile because significant amounts of
both the gaseous and condensed phases may exist in the atmosphere in equilibrium. Particle-
bound water is not considered a pollutant. Most of the particle-bound water is removed by

heating the particles or by equilibration of the collected particles at a low relative humidity
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(40%) for 24 hours. However, these processes also cause the loss of other semivolatile
components. Semivolatile components also evaporate from the filter during sampling due to the
pressure drop across the filter or due to a reduction in the atmospheric concentration during the
sampling time. Filter collection and equilibration techniques for PM, sﬁch as prescribed by the
Federal Reference Methods, lose a fraction of the semivolatile PM. Continuous methods must
dry the PM to remove particle-bound water. If heating is used to dry the particles, more of the
semivolatile components may be removed than are lost in filter sampling. Collection and
retention of ammonium nitrate and semivolatile organic compounds represents a major challenge
in the effort to move to continuous measurement of PM mass. The use of diffusion dryers,
which déhumidify the air stream without heating, represents a promising approach. Uncertainty
in the efficiency of retention of ammonium nitrate and organic compounds on filters also

impacts source category attribution and epidemiologic studies.

Separation of Fine and Coarse PM

Techniques are available to selﬁarate fine particles from coarse particles and collect the fine
particles on a filter. No such technique exists for coarse particles. As yet, no consensus exists
on the best technique for collecting a coarse particle sample for determination of mass and
composition. Candidates include multistage impaction, virtual impaction, and difference
(subtracting PM, 5 mass or composition from PM,, mass or composition). Advances in the
theory and practice of virtual impaction suggest that it would be possible to design virtual
impactors with much less than the 10% of fine PM collected in the coarse PM sample as is now
the case for the dichotomous samplers used in air quality studies and with penetration curves as

sharp as those used in the current Federal Reference Method for PM, ;.
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APPENDIX 2A. TECHNIQUES FOR MEASUREMENT OF
SEMIVOLATILE ORGANIC COMPOUNDS

Use of Denuder Systems To Measure Semivolatile Organic Compounds

Phase distribution of semivolatile organic species has been the subject of several studies
that have employed denuder technology (see Gundel et al., 1995; Gundel and Lane, 1999) to
directly determine the phase distributions while avoiding some of the positive and negative

sampling artifacts associated with using back-up quartz filters. In an ideal system with a

denuder that is 100% efﬁcient, the gas phase would be collected in the denuder and the particle

phase would be the sum of the material collected on the filter and the adsorbent downstream.
Denuder collection efficiency depends on the denuder surface area (+); the diffusivity (+) and
vapor pressure (-} of the compound, the temperature (-) and flow rate (~).of the air stream, and
the presence of competing species (-), including water vapor (Cui et al., 1998; Kamens and Coe,
1997; Lane et al., 1988). (The + and — symbols in parentheses indicate qualitatively the effect
increasing each parameter would have on efficiency). In a system with a denuder collection
efficiency less than 100%, the collection efficiency must be known to accurately attribute
adsorbed organics from denuder breakthrough to the gas phase and adsorbed organics volatilized
from collected particles to the particle phase. In calculating the overall phase distributions of
SVOC PAH from a denuder system, the collection efficiency for each compound is needed.

The efficiency of siIicone-grease-coafed denuders for the collection of polynuclear
aromatic hydrocarbons was examined by Coutant et al. {(1992), who examined the effects of
uncertainties in the diffusion coefficients and in the collisional reaction efficiencies on the
overall phase distributions of SVOC PAH calculated using denuder technology. In their study,
they used a single stage, siliconé-grease—coated aluminum annular denuder with a filter holder
mounted ahead of the denuder and an XAD trap deployed downstream of the denuder. Ina
series of laboratory experiments, they spiked the filter with a mixture of perdeuterated PAH,
swept the system with ultra-high purity air for several hours, and then analyzed the filter and the
XAD. They found that the effects of these uncertainties, introduced by using a single compound
as a surrogate PAH (in their case, naphthalene) for validation of the denuder collection
efficiency, are less significant than normal variations because of sampling and analytical effects.

Results on field studies using their sampling system have not been published.
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For measuring particulate phase organic compounds, the denuder-based sampling system
represents an improvement over the filter/adsorbent collection method (Turpin et al., 1993).
Some researchers, however, have reported that denuder coatings themselves can introduce
contamination (Mukerjee et al., 1997) and that the adsorbed species may be difficult to remove
from the coating (Eatough et al., 1993). W

In a study conducted in southern California (Eatough et al., 1995), the Brigham Young
University Organic Sampling System (BOSS; Eatough et al., 1993) was used for determining
POM composition, and a high-volume version (BIG BOSS; flow rate 200 L/min) was utilized
for determining the particulate size distribution and the chemical composition of SVOC in fine
particles. The BOSS, a multi-channel diffusion denuder sampling system, consists of two
separate samplers (each operating at 35 L/min). The first sampler consists of a multi-parallel
plate diffusion denuder with charcoal-impregnated filter papers as the collection surfaces

fotllowed by a two-stage quartz filter pack and a two-stage charcoal-impregnated filter pack. The

‘second sampler operating in parallel with the first consists of a two-stage quartz filter pack,

followed by the parallel plate denuder, followed by the two-stage charcoal-impregnated filter
pack. The filter samples collected by the BOSS sampler were analyzed by temperature-
programmed volatilization analysis. The second channel allows calculations of the efficiency of
the denuder in removing gas-phase specifics that would be absorbed by the charcoal impregnated
filter. Eatough et al. (1995) also operated a two-stage quartz filter pack alongside the BOSS
sampler. The BIG BOSS system (Tang et al., 1994) consists of four systems (each with a
flowrate of 200 L/min). Particle size cuts of 2.5, 0.8, and 0.4 pm are achieved by virtual
impaction, and the sample subsequently flows through a denuder, then is split, with the major
flow (150 L/min) flowing through a quartz filter followed by an XAD-II bed. The minor flow is
sampled through a quartz filter backed by a charcoal-impregnated filter paper. The samples
derived from the major flow (quarfz filters and XAD-II traps) were extracted with organic
solvents and analyzed by gas chromatography (GC) and GC-mass spectroscopy. The organic
material lost from the particles was found to represent ali classes of organic compounds.

Eatough et al. (1996) operated the BOSS sampler for a year at the IMPROVE site at
Canyonlands National Park, UT, alongside the IMPROVE monitor and alongside a separate
sampler consisting of a two-stage quartz filter pack. They found that concentrations of

particulate carbon determined from the quartz filter pack sampling system were low on average

June 2003 2A-2 DRAFT-DO NOT QUOTE OR CITE




L= - T T e VN N

W W BN N NN R N N RN e e e e e ek e em e ot
-0 O e NN U B W N — SO e ~ W R W N e D

by 39%, and this was attributed to volatilization losses of SVOC from the quartz filters.

In another study conducted with the BOSS in southern California, losses of 35% of the POM, on
average, were found and attributed to losses of the SVOC during sampling (Eatough et al.,
1995).

The denuder used in the various BOSS samplers consists of charcoal-impregnated cellulose
fiber filter material. Denuder collection efficiencies of greater than 95% have been reported for
organic gases that adsorb on quartz and charcoal-impregnated filters (Eatough et al., 1999a; Ding
et al., 2002; Lewtas et al., 2001). However, because the mass concentration of gas phase species
that adsorb on quartz and charcoal-impregnated filters is so much greater than the mass of |
semivolatile organic material in the particulate phase, it is necessary to measure and account for
the inefficiency of the denuder in the BOSS samplers. To address this problem, Brigham Young
University (BYU) developed a particle-concentrator (PC)-BOSS system (Ding et al., 2002;
Eatough et al., 1999b; Lewtas et al., 2001; Modey et al., 2001; Pang et al., 2001, 2002a,b). The
PC-BOSS includes a virtual impactor upstream of the denuder to improve the denuder collection
efficiency by removing a majority of the gases from the aerosol flow. With this system, denuder
collection efficiencies of greater than 99% have been reported for organic gases, SO,(g),
HNO,(g) and other species that adsorb on quartz and charcoal-impregnated filters (Pang et al.,
2001). Since the concentrations of semivolatile organic and other gases in the presence of the
concentrated particles is not altered by this process the virtual impaction concentration of
accumulation mode particles (except possibly by slight changes in pressure), it is anticipated that
the gas-particle distribution will not be significantly altered by the concentration process. The
virtual impactor has a 50% cut point at 0.1 pm aerodynamic diameter. As a result, some
particles in the 0.05 to 0.2 um diameter size range will be removed in the major flow along with
the majority of the gases. Therefore, the mass collection efficiency of the virtual impactor
concentrator will be a function of the particle size distribution in the 0.05 to 0.1 um size range.
This collection efficiency is measured by comparing the concentration of nonvolatile
cbmponents measured in the concentrated sample with that measured in an unconcentrated
sample. The concentration efficiency varies from 50 to 75%. It is relatively constant over
periods of weeks but varies by season and site, presumably as the particle size distribution

changes. Previous studies at Harvard (Sioutas et al., 1995a,b) have shown that the composition

of the sampled aerosol is little changed by the concentration process. The BYU studies listed
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above have shown that the concentration efficiencies for sulfate, organic carbon (OC) and
elemental carbon (EC) are comparable for a given sampling location. Furthermore, the
concentrations of these species and of fine particulate nitrate determined using the PC-BOSS
have been shown to be comparable to those determined using more conventional samplers for
sulfate or EC or using simpler denuder systems for OC and nitrate.

Ding et al. (1998a) developed a method for the determination of total n-nitroso compounds
in air samples and used the method to examine organic compounds formed from NO, chemistry
in Provo, UT (Ding et al., 1998b). In their method, n-nitroso compounds are selectively
decomposed to yield nitric oxide, which is then detected using chemiluminescence. From the
samples from Provo, they found that the majority of the n-nitroso and nitrite organic compounds
that were present in fine particulate matter were semivolatile organic compounds that could be

evaporated from the particles during sampling. They found particulate n-nitroso compound

concentrations ranging between <1 and 3 nmoles/m’ and gas-phase n-nitroso compound

concentrations in the same range. Particulate organic nitrite concentrations were found in the
range of <1 to =5 nmoles/m’, and gas-phase concentrations as high as 10 nmoles/m’ were found.
Turpin et al. (1993) developed a sampling system that corrects for the loss of semivolatile
organic compounds during sampling by removal of most of the gas phase material from the
particles in a diffusion separator sampling system. Unlike the previously mentioned systems,
wherein the particulate phase is measured directly, in the system of Turpin et al. (1993) the
gas-phase is measured directly. In the laminar flow system, ambient, particle-laden air enters the
sampler as an annular flow. Clean, particle-free air is pushed through the core inlet of the
separator. The clean air and ambient aerosol join downstream of the core inlet section, and flow
paralle! to each other through the diffusion zone. Because of the much higher diffusivities for
gases compared to particles, the SVOC in the ambient air diffuses to the clean, core flow. The
aerosol exits the separator in the annular flow, and the core flow exiting the separator now
contains a known fraction of the ambient SVOC. Downstream of the diffusion separator, the
core exit flow goes into a polyurethane foam (PUF) plug, where the SVOC is collected. The
adsorbed gas phase on the PUF plug is extracted with supercritical fluid CO, and analyzed by
gas chromatography/mass-selective detection (GC/MSD). The gas-phase SVOC is thus
determined. Ultimately, to determine particulate phase SVOC concentrations, the total

compound concentration will aiso be measured and the particulate phase obtained by difference.
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The system was tested for the collection of PAH. The diffusional transport of gas-phase PAHs
and particle concentrations agreed well with theory. Breakthrough was problematic for low
molecular weight PAHs (MW < 160). Detection limits ranged from 20 to 50 pg of injected mass
for all PAHs.

Gundel et al. (1995) recently developed a technique for the direct determination of phaée
distributions of semivolatile polycyclic aromatic hydrocarbons using annular denuder
technology. The method, called the integrated organic vapor/particle sampler (IOVPS), uses a
cyclone inlet with a 50% cutpoint of 2.5 pm at a sampling rate of 10 L/min. The airstream then
goes through two or three sandblasted glass annular denuders that are coated with ground
adsorbent resin material (XAD-4 was initially examined) that traps vapor-phase organics. The
airstream subsequently passes through a filter, followed by a backup denuder. The denuder
collection efficiency is high and compares well with predictions based on the diffusivity of the
compounds. The denuder can also be extracted to obtain gas-phase concentrations directly
(Gundel and Lane, 1999). Particle-phase PAHs are taken to be the sum of material on the filter
and XAD adsorbent downstream after correction for denuder collection efficiency. The IOVPS
was tested for sampling semivolatile PAH in laboratory indoor air and in environmental tobacco
smoke (ETS). After exposure, the denuders, filters, and sorbent traps were extracted with
cyclohexane (Gundel et al., 1995) and analyzed for PAHs from naphthalene to chrysene using
dual-fluorescence detection (Mahanama et al., 1994). Recoveries from both denuders and filters
were approximately 70% for 30 samples. Detection limits (defined as 3 times the standard
deviation of the blanks) for gas-phase SVOC PAHs ranged from 0.06 ng for anthracene to 19 ng
for 2-methylnaphthalene. The 95% confidence interval for reproduction of an internal standard
concentration was 6.5% of the mean value. Relative precision, from a propagation of errors
analysis or from the 95% confidence interval from replicate analyses of standard reference
material SRM 1649 (urban dust/organics), was 12% on average (8% for naphthalene to 22% for
fluorene). Sources of error included sampling flow rate, internal standard concentration, and
co-eluting peaks. Gundel and Lane (1999) reported that roughly two-thirds of particulate PAH
fluoranthene, pyrene, benz[a]anthracene, and chr:ysene were found on the postfilter denuders, so
that it is likely that considerable desorption from the collected particles took place.

Solid adsorbent-based denuder systems have been investigated by other researchers as

well. Bertoni et al. (1984) described the development of a charcoal-based denuder system for
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the collection of organic vapors. Risse et al. (1996) developed a diffusion denuder system to
sample aromatic hydrocarbons. In their system, denuder tubes with charcoal coating and
charcoal paper precede a filter pack for particulate collection and an adsorption tube fo capture
particle blow-off from the filter sample. Breakthrough curves for benzene, toluene, ortho-
xylene, and meta-xylene were developed for 60-, 90-, and 120-cm denuder tubes. The effects of
relative humidity on the adsorption capacities of the denuder system were examined, and it was
found that the capacity of the charcoal was not affected significantly by increases in relative
humidity. The feasibility of outdoor air sampling with the system was demonstrated.

Krieger and Hites (1992) designed a diffusion denuder system that uses capillary gas
chromatographic columns as the tubes for SVOC collection. The denuder was followed by a
filter to collect particles, which in turn was followed by a PUF plug to collect organic material
volatilizing off the filter. Denuder samplies were analyzed by liquid solvent extraction (CH,Cl,)
followed by GC-mass spectrometric analysis. The PUF plugs and filters were extracted with
supercritical fluid extraction using supercritical N,O. Using this system, an indoor air sample
was found to contain primarily chlorinated biphenyls, ranging from trichlorobiphenyls (vapor
pressures 10° — 10 Torr at 25 "C) to octachlorobiphenyls (106 — 107 Torr). This demonstrated
that the sampler collects compounds with a wide range of volatility. They also found that on-
line desorption is successful in maintaining good chromatographic peak shape and resolution.
The entire method, from sample collection to the end of the chromatographic separation, took

2h

Organic acids in both the vapor and particulate phases may be important contributors to

ambient acidity, as well as representing an important fraction of organic particulate matter.
Lawrence and Koutrakis (1996a,b) used a modified Harvard/EPA annular denuder system
(HEADS) to sample both gas and particulate phase organic acids in Philadelphia, PA, in the
summer of 1992. The HEADS sampler inlet had a 2.1-pm cutpoint impactor (at 10 L/min),
followed by two denuder tubes, and finally a filter pack with a Teflon filter. The first denuder
tube was coated with potassium hydroxide (KOH) to trap gas phase organic acids. The second
denuder tube was coated with citric acid to remove ammonia and thus to avoid neutralizing
particle phase acids collected on the filter. The KOH-coated denuder tube was reported to
collect gas phase formic and acetic acids at better than 98.5% efficiency and with precisions of

5% or better (Lawrence and Koutrakis, 1994). It was noted that for future field measurements of
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particulate organic acids, a Na,CO;-coated filter should be deployed downstream of the Teflon

filter to trap organic acids that may evaporate from the Teflon filter during sampling.

Role of the Collection Media

The role of the collection media was recently examined in a study conducted in Seattle
(Lewtas et al., 2001). In that study, the influence of denuder sampling methods and filter
collection media on the measurement of SVOC associated with PM,  was evaluated. Activated
carbon and XAD collection media were used in diffusion denuders and impregnated back-up |
filters in two different samplers, the Versatile Air Pollution Sampler (VAPS) and the-PC-BOSS.
XAD-coated glass annular denuders and charcoal-impregnated cellulose fiber (CIF) filter
denuders also were used. CIF filters also were compared to XAD-coated quartz filters as backup
filter collection media. Lewtas et al. (2001) found that the two denuder types resulted in an
equivalent measurement of particulate organic carbon and particle mass. The carbon-coated
denuders in the BOSS sampler were more efficient than the XAD-coated denuders for the
collection of the more highly volatile organic compounds (MHVOC). Lewtas et al. (2001)
concluded that this MHVOC that is collected in the carbon-coated BOSS denuder does not
contribute substantially to the particle mass or to the SVOC measured as OC on quartz filters.

However, this MHVOC would be captured in the carbon impregnated filters placed behind the

quartz filters, so that, in the XAD denuder configuration, the captured MHVOC would cause a
higher OC concentration and an overestimation of the SVOC.

Some of the recent research in denuder technology also has focused on reduction in the
size of the denuder, optimization of the residence time in the denuder, understanding the effect
of diffusion denuders on the positive quartz filter artifact, identifying changes in chemical
composition that occur during sampling, determining the effects of changes in temperature and

relative humidity, and identifying possible losses by absorption in coatings.

Reducing the Size of Denuders

The typical denuder configuration js an annular diffusion denuder tube of significant length
(e.g., 26.5 cm for 10 L/min [Koutrakis et al., 1988a,b]). A more compact design based on a
honeycomb configuration was shown to significantly increase the capacity (Koutrakis et al.,

1993). However, in intercomparisons with an annular denuder/filter pack system (Koutrakis
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et al., 1988), significant losses of ammonia and nitric acid were observed for the honeycomb
configuration and were attributed to the large inlet surface area and long sample residence time
of the honeycomb design relative to the ahnular denuder system. Sioutas et al. (1996a)
subsequently designed a modified glass honeycomb denuder/filter pack sampler (HDS) with an
inlet that minimizes vapor losses on the inlet surfaces. The modified HDS has reduced inlet
surfaces and decreased residence time for sampled gases (NH; and HNO,) compared to its
predecessor (Sioutas et al., 1994d). Sioutas et al. (1996b) also tested various inlet materials
(glass, PFA, and polytetrafluoroethylene [PTFE]) in laboratory tests and found that a PTFE
Teflon coated inlet minimized loss of sampled gases (1 to 8% loss of HNO; observed, and -4 to
2% loss of NH, observed). The highest inlet losses were observed for HNO, lost to PFA
surfaces (14 to 25%). The modified HDS was tested in labdratory and field tests and found to

agree within 10% with the annular denuder system.

Residence Time in the Denuder

The efficiency of a diffusion denuder sampler for the removal of gas phase material can be
improved by increasing the residence time of the sampled aerosol in the denuder. However, the
residence time can only be increased within certain limits. Because the diffusion denuder
reduces the concentration of gas-phase semivolatile organic material, semivolatile organic matter
present in the particles passing through the denuder will be in a thermodynamically unstable
environment and will tend to outgas SVOC during passage through the denuder. The residence
time of the aerosol in the denuder, therefore, should be short enough to prevent sighiﬁcant loss
of particulate phase SVOC to the denuder. Various studies have suggested that the residence
time in the denuder should be less than about 2 s (Gundel and Lane, 1999; Kamens and Coe,
1997; Kamens et al., 1995). The residence times in the various denuder designs described by
Gundel and Lane (1999) are from 1.5 to 0.2 s. The equilibria and evaporation rates are not as
well understood for organic components as they are for NH,NO; (Zhang and McMurry, 1987,
1992; Hering and Cass, 1999).

Effect of Diffusion Denuders on the Positive Quartz Filter Artifact

The adsorption of organic compounds by a second quartz filter has been shown to be

reduced, but not eliminated, in samples collected in the Los Angeles Basin if a multi-channel
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diffusion denuder with quartz filter material as the denuder collection surface preceded the

quartz filters (Fitz, 1990). This artifact can be further reduced by the use of activated charcoal as
the denuder surface and the use of a particle concentrator to reduce the amount of gas phase
organic compounds relative to condensed phase organic compounds (Cui et al., 1997, 1998;
Eatough, 1999). Other experiments (Cotham and Bidleman, 1992; Cui et al., 1998; Eatough
etal., 1995, 1996) have shown that the quartz filter artifact can result both from the collection of
gas phase organic compounds and from the collection of semivolatile organic compounds Jost
from particles during sampling. Thus, results available to date suggest that both a “positive” and
a “negative™ artifact can be present in the determinaﬁon of particulate phase organic compounds
using two tandem quartz filters.

The importance of the adsorption of organic vapors on filters or PM relative to the
volatilization of organic compounds from PM collected on a filter continues to be a topic of
active debate. The relative importance of 'posit.ive and negative artifacts will be different for
denuded and undenuded filters; will depend on face velocity, sample loading, and the vapor
pressures of the compounds of interest; and may vary with season and location because of
variations in the composition of volatile and semivolatile organic material. Evidence exists for

substantial positive and negative artifacts in the collection of organic PM.

Changes in Chemical Composition During Sampling
The use of sampling systems designed to correctly identify the atmospheric gas and
particulate phase distributions of collected organic material has been outlined above.

An additional sampling artifact that has received little consideration in the collection of

atmospheric samples is the potentia] alteration of organic compounds as a result of the sampling

process. These alterations appear to result from the movement of ambient air containing

oxidants and other reactive compounds past the collected particles. The addition of NO,

(<lppm) or O, (<200 Ppb) to the sampled air stream (0 to 5 °C) for a high-volume sampler
reduced the concentrations of benzo[a]pyrene and benzo[alanthracene from a few % to 38%,
with the observed reduction increasing with increased concentration of the added gases
(Brorstrdm et al., 1983). Spiking a filter with an amine resulted in an increase in measured
concentrations of nitrosamines in both the filter and a following XAD sorbent bed for a

mid-volume sampler (Ding et al., 19982,b). Similar results have been obtained for the exposure
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of a deuterated amine on a filter to NO, (Pellizzari and Krost, 1984). When Tenax columns
spiked with deuterated styrene and cyclohexene were exposed to ppm concentrations of ozone or
halogens, oxygenated and halogenated compounds were formed (Pellizzari and Krost, 1984).
Similar oxidation of aldehydes and peroxyacetylnitrate (PAN) during sampling has been
observed (Grosjean and Parmar, 1990). Collected PAH compounds can be oxygenated or
nitrated on a filter (Davis et al., 1987; Lindskog and Brorstrom-Lunden, 1987), but 1-nitropyrene
has been shown to be resistant to additional nitration (Grosjean, 1983). These various chemical
transformations of collected organic compounds can be eliminated by removal of the gas phase
oxidants, NO,, HNO;, etc., by reaction or adsorptior prior to collection of the particles (Ding,
1998a,b; Grosjean and Parmar, 1990; Parmar and Grosjéan, 1990; Pellizzari and Krost, 1984;
Williams and Grosjean, 1990). The BOSS denuder should be effective in eliminating most of
the chemical transformation artifacts because reactive gases are removed by the charcoal

denuder that precedes the particle collection filter.

Temperature and Relative Humidity Effects

The problems of sampling artifacts associated with SVOC adsorption and evaporation are
compounded by temperature and relative humidity effects (Pankow and Bidleman, 1991;
Pankow et al., 1993; Falconer et al., 1995; Goss and Eisenreich, 1997). Effects of temperature
on the partitioning of PAH were examined by Yamasaki et al. (1982), who found that the
partition coefficient (PAH, . /PAH ) was inversely related to temperature and could be
described using the Langmuir adsorption concept. The dissociation of ammonium nitrate aerosol
is also a function of temperature. Bunz et al. (1996) examined the dissociation and subsequent
redistribution of NH,NO, within a bimodal distribution using a nine-stage low-pressure Berner
impactor followed by analysis by ion chromatography and found a strong temperature
dependency on the redistribution. Bunz et al. (1996) found that at lower temperatures (below
10 °C) there was little change in the aerosol size distribution. At temperatures between 25 and
45 *C, however, the lifetime of NH,NO, particles decreases by more than a factor of 10, and size
redistribution, as measured by average ending particle diameter, increased more for higher
temperatures than for lower temperatures.

The effects of relative humidity on the sorption of SVOC on particles are not well -

understood. In a series of laboratory experiments, Goss and Eisenreich (1997) examined the
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sorption of both nonpolar (hydrocarbons and chlorinated hydrocarbons) and polar (ethyl ether
and acetone) volatile organic compounds onto combustion soot particles as a function of
temperature and relative humidity. The soot particles used in their experiments were collected
from oil furnaces and contained 60% (w/w) iron sulfate (water-soluble fraction) and 9% (w/w)
elemental and organic carbon. They found that, for all compounds, the sorption of VOC onto
soot particles decreased with increasing relative humidity over the range of 10 to 95%. They
also observed hysteresis in the relative humidity dependency, with sorption coefficients at a
given relative humidity higher when the RH is being increased than when the RH is being
decreased. The sorption coefficients were fit with an exponential function to the RH so that the
slope of the regression line would provide a measure of the influence of relative humidity.
Based on the magnitude of the slope, they concluded that the RH-dependency of sorption was
stronger for water-soluble organic compounds.

In another study by Jang and Kamens (1998), humidity effects on gas-particle partitioning
of SVOC were examined using outdoor environmental chambers and the experimentally
determined partitioning coefficients were compared to theoretical values. They examined the
partitioning of SVOC onto wood soot, diesel soot, and secondary aerosols and concluded that
“the humidity effect on partitioning was most significant for hydrophobic compounds adsorbing
onto polar aerosols.” Although these two studies seem to be contradictory, on closer
exarﬁination, it is difficult to compare the two studies for several reasons. The experiments
conducted by Jang and Kamens (1998) were conducted in outdoor chambers at ambient

temperatures and humidities. Their model was for absorptive partitioning of SVOC on

 liguid-like atmospheric particulate matter. In contrast, the results of Goss and Eisenreich (1997)

were obtained from a gas chromatographic system operated at 70 °C higher than ambient
conditions. The model of Goss and Eisenreich (1997) was for adsorptive partitioning of VOC on
solid-like atmospheric particulate matter. In the study of Jang and Kamens (1998), calculated
theoretical values for water activity coefficients for diesel soot were based on an inorganic salt
content of 1 to 2%; whereas, the combustion particles studied by Goss and Eisenreich (1997)
contained 60% water-soluble, inorganic salt content. Jang and Kamens (1998) obtained their
diesel soot from their outdoor chamber, extracted it with organic solvent (mixtures of hexane and

methylené chloride), and measured the organic fraction. The resulting salt content of 2% of the
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particulate matter studied in Jang and Kamens (1998) is enough to affect water uptake but

presumably not to affect the sorption partitioning of organics.

Impactor Coatings

Impacfors are used as a means to achieve a size cutpoint and as particle collection surfaces.
Particles collected on impactors are exposed to smaller pressure drops than filter-collected
particles, making them less susceptible to volatile losses (Zhang and McMurry, 1987).

However, size resolution can be affected by bounce when samples are collected at low
humidities (Stein et al., 1994). There are other sources of error inherent in some of the currently
acceptable practices that could potentially affect particulate mass concentration measurements
and that will surely become even more important as more emphasis is placed on chemical
speciation. Allen et al. (1999a) reported that the practice of greasing impaction substrates may
introduce an artifact from the absorption of semivolatile species from the gas phase by the grease
because the grease could artificially increase the amount of PAHs and other organic compounds
attributed to the aerosol. Allen et al. (1999b) offer several criteria to ensure that this absorption
artifact is negligible, including selecting impaction oils in which analytes of interest are
negligibly soluble and ensuring that species do not have time to equilibrate between the vapor
and oil phases (criterion is met for nonvolatile species). They recommend using oiled impaction
substrates only if the absorption artifact is negligible as determined from these criteria.
Application of greases and impaction oils for preventing or reducing bounce when sampling with
impactors is not suitable for carbon analysis because the greases contain carbon (Vasilou et al.,
1999).

Kavouras and Koutrakis (2001) investigated the use of polyurethane foam (PUF) as a
substrate for conventional inertial impactors. The PUF impactor substrate is not rigid like the
traditional impactor substrate so particle bounce and reentrainment artifacts are reduced
significantly. Kavouras and Koutrakis (2001) found that the PUF impaction substrate resulted in
a much smaller 50% cut point at the same flow rate and Reynolds number. Moreover, the lower
50% cut point was obtained at a lower pressure drop than with the conventional substrate, which

could lead to a reduction of artifact vaporization of semivolatile components.
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APPENDIX 2B. ANALYTICAL TECHNIQUES

2B.1 INORGANIC ELEMENTS
2B.1.1 Energy Dispersive X-Ray Fluorescence (EDXRF)

EDXRF has usually been the method of choice for analysis of trace elements on filters.
EDXREF is preferred for acrosol analysis over wavelength dispersive XRF because it allows fast
and simultaneous analysis over the total spectrum, allowing for the analysis of numerous
elements simultaneously. EDXRF can accommodate small sample sizes and requires little
sample preparation or operator time after the samples are placed into the analyzer. It also leaves
the sample intact after analysis; so, further analysis is possible. XRF irradiates a uniform
particle deposit on the surface of a membrane filter with 1 to 50 kev x-rays that eject inner shell
electrons from the atoms of each element in the sample (Dzubay aﬁd Stevens, 1975; Jaklevic et
al., 1977; Billiet et al., 1980; Potts and Webb, 1992; Piorek, 1994; Bacon et al., 1995; deBoer et
al., 1995; Holynska et al., 1997; Torok et al., 1998; Watson et al., 1999). When a higher energy
electron drops into the vacant lower energy orbital, a fiuorescent x-ray photon is released. The
energy of this photon is unique to each element, and the number of photons is proportional to the
concentration of the element. Concentrations are quantified by comparing photon counts for 2
sample with those obtained from thin-film standards of known concentration (Dane et al., 1996).
The previous 1996 PM AQCD included a detailed discussion of EDXRF.

Emitted x-rays with energies less than ~4 kev (affecting the elements sodium, magnesium,

aluminum, silicon, phosphorus, sulfur, chlorine, and potassium) are absorbed in the filter, in a
thick particle deposit, or even by large particles in which these elements are contained. Very
thick filters also scatter much of the excitation radiation or protons, thereby lowering the
signal-to-noise ratio for XRF and PIXE. For this reason, thin membrane filters with deposits in
the range of 10 to 50 pg/em’ provide the best accuracy and precision for XRE and PIXE analysis
(Davis et al., 1977; Haupt et al., 1995).

2B.1.2 Synchrotron Induced X-ray Fluorescence (S-XRF)

S-XRFK is a form of EDXRF in which the exciting x-rays are derived from a synchrotron.

Bremmstrahlung x-rays are generated when energetic electrons (generally several GeV in
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energy) are forced by a magnetic field to make a bend in their path. The advantages of the
technique are that an extremely high flux of x-rays may be obtained and that the x-rays are 100%
polarized in the plane of the electron beam. The former allows for x-ray beams generally of

50 to 500 pm in diameter. However, the beams can be focused into x-ray microprobes, with spot
sizes on the order of one pm diameter. The x-ray polarization allows for removal of most of the
background normally found under the characteristic x-ray peaks, greatly improving sensitivity
compared to other XRF techniques. The primary disadvantages are the limited number of
synchrotrons, and that few synchrotrons have S-XRF capabilities. Thus, the technique has been

relatively little used for PM, and then generally for special problems such as the smoke from the

Kuwaiti oil fires (Cahill et al., 1992, Reid et al., 1994). However, with the increasing

availability of S-XRF facilities dedicated to PM analysis, the first of which was the Advanced
Light Source opened at Lawrence Berkeley National Laboratory last year, utilization of S-XRF

for PM analysis is increasing.

2B.1.3 Proton (or Particle) Induced X-ray Emission (PIXE)

PIXE differs from XRF analysis in the excitation source for producing fluorescence. The

filter deposit is bombarded with high-energy protons to remove inner shell electrons and the
resulting characteristic x-rays are analyzed as in XRF (Johansson, 1970, Cahill, 1981, 1985;
Zeng et al., 1993). Small accelerators, generally Van de Graaffs, generate intense beams of low
energy protons, generally of a few MeV in energy. These have the ability to remove electrons
from inner shells of atoms of any element. Thus, PIXE can see a very wide range of elements in
a single analysis. The cross section for producing x-rays using protons of a few MeV in energy
tends to favor lighter elements, Na through Ca, but sensitivities for equivalent PIXE and
multi-wavelength XRF analysis are roughly comparable. The technique has been widely used in
the U.S. (Flocchini et al., 1976, Malm et al., 1994) and around the world, as many universities
have the small accelerators needed for the method. Like S-XRF, the proton beams can be
focused into pm size beams, but these have been relatively little used for PM. However, the mm
size beams used in both S-XRF and PIXE are well suited to analyzing the limited mass and smalil

deposits that result from detailed particle size measurements by impactors (Perry et al., 1999).
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2B.1.4 Proton Elastic Scattering Analysis (PESA)

With the routine availability of elemental analyses for all elements sodium and heavier,
organic components remain the major unmeasured species for mass balance. For programs like
IMPROVE (Malm et al., 1994), parallel filters are collected for separate organic and elemental
carbon determinations. Aerosol programs that use PIXE can directly measure hydrogen
simultaneously by scattering protons from Teflon filters that lack hydrogen (Cahill et al., 1989,
1992). Generally, results from organic matter by carbon combustion frofn quartz filters and
organic matter by hydrogen from Teflon filters are in agreement, assuming certain assumptions

about the chemical states of sulfates and nitrates are met {Malm et al., 1994, Cahill et al., 1996).

2B.1.5 Total Reflection X-ray Fluorescence (TRXRF)

One of the limitations of the EDXRF method is the minimum detection limit, which may
be high due to high background values (Streit et al., 2000). By implementation of x-ray optical
geometries that use the total reflection of the primary radiation on flat surfaces, scattering on the
substrate is reduced, so that detection limits can be reduced. This is the basis for the total
reflection x-ray fluorescence (TRXRF) method (Aiginger and Streli, 1997). This modification to
the EDXRF technique improves detection limits and avoids the need to correct for matrix
effects. Despite its apparent advantages, TRXRF has not yet become widely in use for
atmospheric aerosol analysis but has been used in the analysis of marine aerosol (Stahlschmidt et
al., 1997) and at a high elevation site (Streit et al., 2000). Streit et al. sampled ambient air at the
High Alpine Research Station (3580 m above sealevel) in the Bernese Alps, Switzerland, using a
nine-stage, single-jet, low-pressure, cascade impactor equipped with quartz impactor plates
coated with silicon oil diluted in 2-propanol. The typical sample volume for a weekly sample
was 10 m’. The quartz plates were analyzed directly by TRXRF. Streit et al. reported that the
minimum detection limits, defined by the 3o values of the blanks, ranged from 25 ng for S,
decreased monotonically with increasing atomic number down to 5 pg for Rb, and decreased
after that. The use of TRXRF is expected to increase as EDXRF users become aware of the
method. A relatively low-cost, add-on unit has been developed that would allow EDXRF users
to test the TRXRF technique (Aiginger, 1991).
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2B.1.6 Instrumental Neutron Activation Analysis (INAA)

INAA irradiates a sample in the core of a nuclear reactor for few minutes to several hours,
depending on the elements being quantified (Dams et al., 1970; Zoller and Gordon, 1970;
Nadkarni, 1975; Landsberger, 1988; Olmez, 1989; Ondov and Divita, 1993). The neutron
bombardment chemically transforms many elements into radioactive isotopes. The energies of
the gamma rays emitted by these isotopes identify them and, therefore, their parent elements.
The intensity of these gamma rays is proportional to the amount of the parent element present in
the samplé. Different irradiation times and cooling periods are used before counting with a
germanium detector. In source apportionment studies, it is possible to use a combination of XRF
and INAA to develop a relatively complete set of elemental measurements. Between these two
analytical techniques, good sensitivity is possible for many elements, including most of the toxic
metals of interest. In general, XRF provides better sensitivity for some metals (e.g., Ni, Pb, Cu,
and Fe); whereas INAA provides better sensitivity for others (Sb, As, Cr, Co, Se, and Cd). Both
methods provide similar detection limits for still other elements (V, Zn, and Mn). INAA does
not quantify some of the abundant species in ambient particulate matter such as silicon, nickel,
tin, and lead. While INAA is technically nondestructive, sample preparation involves folding
the sample tightly and sealing it in plastic, and the irradiation process makes the filter membrane
brittle and radioactive. These factors limit the use of the sample for subsequent analyses.

INAA has been used to examine the chemical composition of atmospheric aerosols in
several studies either as the only method of analysis or in addition to XRF (e.g., Yatinet al.,
1994; Gallorini, 1995). INAA has higher sensitivity for many trace species, and it is particularly
useful in analyzing for many trace metals. Landsberger and Wu (1993) analyzed air samples
collected near Lake Ontario for Sb, As, Cd, In, I, Mo, Si, and V using INAA. They
demonstrated that using INAA in conjunction with epithermal neutrons and Compton
suppression produces very precise values with relatively low detection limits.

Enriched rare-earth isotopes have been analyzed via INAA and used to trace sources of
particulate matter from a coal-fired power plant (Ondov et al., 1992), from various sources in the
San Joaquin Valiey (Ondov, 1996), from intentially tagged (iridium) diesel emissions from
sanitation trucks (Suarez et al., 1996; Wu et al., 1998), and from iridium-tagged emissions from
school buses (Wu et al., 1998).
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An intercomparison was conducted in which 18 pairs of filters were sent to participants in
the Coordinated Research Program (CRP) on Applied Research on Waste Using Nuclear Related
Analytical Techniques (Landsberger et al., 1997). As part of that study, participants used PIXE,
INAA, XRF, or AAS to analyze the samples. Many of the results for XRF and PIXE in the
coarse fraction were observed to be biased low compared to INAA. The authors speculated that
there is a systematic error because of self-attenuation of the x-rays resulting from the particle

size effect.

2B.1.7 Atomic Absorption Spectrophotometry (AAS)

AAS is applied to the residue of a filter extracted in a strong solvent to dissolve the solid
material; the filter or a portion of it is also dissolved during this process (Ranweiler and Moyers,
1974; Fernandez, 1989; Jackson and Mahmood, 1994; Chow et al., 2000a). A few milliliters of
this extract are injected into a flame where the elements are vaporized. Elements absorb light at
certain wavelengths in the visible spectrum, and a light beam with wavelengths specific to the
clements being measured is directed through the flame to be detected by a monochrometer. The
light absorbed by the flame containing the extract is compared with the absorption from known
standards to quantify the elemental concentrations. AAS requires an individual analysis for each
element, and a large filter or several filters are needed to obtain concentrations for a large variety
of elements. AAS is a useful complement to other methods, such as XRF and PIXE, for species
such as beryllium, sodium, and magnesium which are not well-quantified by these methods.
Airborne particles are chemically complex and do not dissolve easily into complete solution,
regardless of the strength of the solvent. There is always a possibility that insoluble residues are
left behind and that soluble species may co-precipitate on them or on container walls.

.AAS was used to characterize the atmospheric deposition of trace elements Zn, Ni, Cr, Cd,
Pb, and Hg to the Rouge River watershed by particulate deposition (Pirrone and Keeler, 1996).
The modeled deposition rates were compared to annual emissions of trace elements that were
estimated from the emissions inventory for coal and oil combustion utilities, iron and steel
manufacturing, metal production, cement manufacturing, and solid waste and sewage sludge
incinerators. They found generally good agreement between the trend observed in atmospheric
inputs to the river (dry + wet deposition) and annual emissions of trace elements, with R%s

varying from =0.84 to 0.98. Both atmospheric inputs and emissions were found to have
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followed downward trends for Pb. For the period of 1987 to 1992, steady increases were
observed for Cd (major sources are municipal solid waste incineration, coal combustion, sludge
incineration, and iron and steel manufacturing), Cr and Ni (major sources are iron and steel
production and coal combustion), and Hg (major sources are coal, the contribution from which
had decreased from 53 to 45%, and municipal, solid, and medical waste incineration, the

contribution from which has increased). '

2B.1.8 Inductively Coupled Plasma with Atomic Emission Spectroscopy
(ICP-AES) '

[CP-AES introduces an extracted sample into an atmosphere of argon gas seeded with free

electrons induced by high voltage from a surrounding Tesla coil (Fassel and I(niseléy, 1974,

McQuaker et al., 1979; Lynch et al., 1980; Harman, 1989; Tyler, 1992; Baldwin et al., 1994).
The high temperatures in the induced plasma raise valence electrons above their normally stable
states. When these electrons return to their stable states, a photon of light is emitted that is
unique to the element that was excited. This light is detected at specified wavelengths to identify
the elements in the sample. ICP-AES acquires a large number of elemental concentrations using
small sample volumes with acceptable detection limits for atmospheric samples. As with AAS,

this method requires complete extraction and destruction of the sample.

2B.1.9 Inductively Coupled Plasma with Mass Spectroscopy (ICP-MS)
ICP-MS has been applied in the analysis of personal exposure samples (Tan and Horlick,
1986; Gray and Williams, 1987a,b; Nam et al., 1993; Munksgaard and Parry, 1998; Campbell
and Humayun, 1999). Ion species generated from ICP and from the sample matrix can produce a
significant background at certain masses resulting in formation of polyatomic jons that can limit
the ability of ICP-MS to determine some elements of interest. Cool plasma techniques have
demonstrated the potential to detect elements at the ultra-trace level (Nham et al., 1996) and to
r_ninimize common molecular ion interferences (Sakata and Kawabata, 1994; Turner, 1994;
Plantz, 1996). Detection limits of ICP-MS using a one-second scan are typically in the range of
10”* ng/m’®, which is an order of magnitude lower than other elemental analysis methods. The

instrument can also be set up to analyze a wide dynamic range of aerosol concentrations.
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